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Abstract

Introduction: Acute myeloid leukemia (AML) is the most common and deadly type of leukemia 

affecting adults. It is typically managed with rounds of non-targeted chemotherapy followed by 

hematopoietic stem cell transplant but this is only possible in patients who can tolerate these 

harsh treatments and many are elderly and frail. With the identification of novel tumor-specific 

cell surface receptors, there is great conviction that targeted antibody therapies will soon become 

available for these patients.

Areas covered: In this review, we describe the current landscape of known target receptors 

for monospecific and bispecific antibody-based therapeutics for AML. Here we characterize 

each of the receptors and targeted antibody-based therapeutics in development, illustrating the 

rational design behind each therapeutic compound. We then discuss the bispecific antibodies in 

development and how they improve immune surveillance of AML. For each therapeutic, we also 

summarize the available pre-clinical and clinical data, including data from discontinued trials.

Expert opinion: One antibody-based therapeutic has already been approved for AML treatment, 

the CD33-targeting antibody-drug conjugate, gemtuzumab ozogamicin. Many more are currently 

in pre-clinical and clinical studies. These antibody-based therapeutics can perform tumor-specific, 
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elaborate cytotoxic functions and there is growing confidence they will soon lead to personalized, 

safe AML treatment options that induce durable remissions.
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1. Introduction

Leukemia is the common name for several malignant disorders that present with clonal 

expansion of hematopoietic cells in the bone marrow, resulting in increased numbers of 

cells of the affected lineage in the circulating blood [1]. Leukemia can occur in primitive 

to mature hematopoietic cells of the myeloid or lymphoid lineage, including mixed cells in 

some cases [2]. With a current incidence in the United States of 18.1/100,000/year in men 

and 11/100,000/year in women, leukemia is the 8th and 10th most incident cancer in the US 

overall for men and women, respectively. It is currently the 7th leading cause of cancer death 

overall [3].

In recent years, treatment options for leukemia patients have been moving from traditional 

chemotherapeutic approaches towards targeted and immunotherapeutic strategies, with the 

identification of tumor-specific antigens [4], the introduction of monoclonal antibodies 

(mAbs) [5] and decoding of the function of immune checkpoints in preventing adequate 

antitumor immune response [6].

Advances in immunotherapy include targeting the immune checkpoint Programmed Cell 

Death Protein 1 and Ligand 1 (PD-1/PD-L1) axis to boost antitumor immunity, but the 

efficacy of this approach has been limited to a small subset of highly immunogenic 

tumors [7,8]. The identification of novel immune checkpoints has provided clinicians 

with the possibility of its therapeutic application in a broader range of cancers, 

including hematopoietic malignancies such as Acute Myeloid Leukemia (AML) and Acute 

Lymphocytic Leukemia (ALL).

In ALL, immunotherapies such as blinatumomab are already included in standard-of-care 

protocols [9] but this approach has been mostly ineffective in AML thus far [10]. 

Hematopoietic stem cell transplantation (HSCT) remains the most effective treatment for 

AML, but many AML patients are elderly and thus not suitable for HSCT due to transplant-

related risks [11,12]. Elderly patients are eligible for novel hypomethylating agents (HMAs) 

and venetoclax which may significantly extend life [13,14], but relapsing disease commonly 

occurs.

AML relapses are facilitated by leukemic stem cells (LSCs), a low-frequency subpopulation 

of leukemia cells that have self-renewal capacity and inherent capability for drug resistance 

[15]. Hematopoietic stem cells (HSCs) and LSCs utilize many of the same signaling 

pathways for their maintenance and survival [16], leading to significant efforts toward 

the immunophenotypic distinction between them and the development of novel targeted 

therapies such as antibody drug-conjugates (ADCs), T-cell engaging antibody constructs, 
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adoptive transfer with chimeric antigen receptor (CAR) T cells, and dendritic cell 

vaccination capable of redirecting the patients’ own immune systems to target leukemic cells 

specifically. All of these treatment modalities are currently being investigated intensively in 

clinical trials [10].

In this review, we will summarize the literature on select current and emerging AML-

specific receptor targets (Fig. 1). This review will focus primarily on targets for antibody-

based immunotherapy under clinical development (Table 1).

2. Antibody-based therapies

Antibodies, also referred to as immunoglobulins (Ig), are comprised of two heavy and 

two light chains held together by covalent disulfide bridges and noncovalent bonds and 

grouped into different isotypes (IgA, IgD, IgE, IgG, and IgM) depending on which type 

of heavy chain they contain [17,18]. Porter’s research on the Ig structure paved the way 

for other milestones in antibody-based therapies, such as the introduction of the hybridoma 

technology in 1975 by Kohler and Milstein [19,20], a major medical breakthrough enabling 

the generation of therapeutic monoclonal antibodies. Through direct crosslinking of immune 

effector cells and complement, therapeutic monoclonal antibodies (mAbs) can elicit anti-

tumor responses such as antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-

dependent cellular phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC). 

Therapeutic mAbs may also interfere with the anti-inflammatory and oncogenic signaling of 

receptor targets on the tumor cell surface, leading to host anti-tumor immune responses and 

decreased tumor progression [21,22].

Antibody-drug conjugates (ADCs) are mAbs tethered to a cytotoxic payload by a chemical 

linker. Once bound to its target, the ADC-target complex is internalized via receptor-

mediated endocytosis and its cytotoxic payload is released intracellularly by means of 

hydrolyzation of the linker in lysosomes, leading to apoptosis or other means of targeted 

cell death. ADCs dramatically improve the specificity of cytotoxic chemotherapy delivery, 

increasing efficacy and reducing systemic exposure and toxicity [23,24,25].

Fc-fusion proteins are antibody-like therapeutics in which the Fc domain of an antibody is 

covalently linked to other proteins, usually at the flexible hinge region of the Fc. The Fc 

domain improves the half-life of the therapeutic in human serum and the fused proteins can 

then function as the antigen-binding regions [26]. With this format, researchers can use any 

peptide as the antigen-binding region of their therapeutic, such as decoy peptide ligands used 

to antagonize receptor function.

2.1. Targets for antibody-based therapy of AML

CD33—CD33 is a mostly myeloid-specific receptor and member of the sialic acid 

binding immunoglobulin-like lectins (Siglecs) that has endocytic properties when bound 

by bivalent antibodies that result in internalization of the antigen/antibody complex [27]. 

The cytoplasmic tail contains an immunoreceptor tyrosine-based inhibitory signaling motif 

(ITIM) and an ITIM-like domain. These domains are phosphorylated by SRC family kinases 

[28,29,30]. Once phosphorylated, they act as docking sites for tyrosine phosphatases SHP-1 
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and SHP-2. CD33 is regulated by Suppressor of Cytokine Signaling 3 (SOCS3), which 

contains an SH2 central domain that competes with SHP-1 and SHP-2 for binding to the 

ITIM. SOCS3 binding recruits the ECS (Elongin B/C-Cul2/Cul5-SOCS-box protein) E3 

ubiquitin ligase complex, which ubiquitinates its target, leading to accelerated proteasomal 

degradation of CD33, preventing binding of antibodies [31,32].

Though CD33 is expressed on normal myeloid progenitors [33], CD33 is also expressed 

on more than 90% of leukemic blasts [34] and a portion of LSCs [35], making it an 

attractive target for antibody-based strategies. Gemtuzumab ozogamicin (GO, Mylotarg™) is 

a humanized anti-CD33 monoclonal antibody covalently linked to a semisynthetic derivative 

of calicheamicin, a potent cytotoxic agent [36]. In 2000, the Food and Drug Administration 

(FDA) granted GO accelerated approval for older patients with relapsed/refractory (R/R) 

AML who were deemed unsuitable for intensive treatment [37]. However, a phase III 

trial (SWOG-S0106) evaluating the effects of adding GO to standard induction therapy 

(daunorubicin and cytarabine) in patients with newly diagnosed (ND) AML was stopped 

prematurely due to increased mortality (5.5% vs 1.4%) associated with the GO plus 

chemotherapy arm. Pfizer voluntarily withdrew GO from the US market in 2010 [38,39,40].

In the UK, large clinical studies (MRC AML15/16) implemented lower doses [41,42]. MRC 

AML15 showed a highly significant benefit of GO for younger patients with “favorable” 

cytogenetics. In this population, 5-year overall survival (OS) for patients who received GO 

at induction was 79%, compared to 51% for patients who did not receive GO. Patients with 

“adverse” cytogenetics were unlikely to benefit [41]. MRC AML16 included older untreated 

patients and in this population, 3-year cumulative incidence of relapse was significantly 

lower (68% vs. 76%) and 3-year OS was significantly higher (25% vs. 20%) with just a 

single dose of GO at induction [42]. Additionally, the phase III ALFA-0701 trial in France 

reported significantly improved median event-free survival in patients randomized to the GO 

treatment arm vs. standard-of-care chemotherapy alone (17.3 vs 9.5 months) [43].

In 2017, GO was re-approved by the FDA for ND and R/R adult AML owing to this new 

data on its clinical safety and efficacy [37]. In 2020, GO was also approved by the FDA 

for CD33+ AML in pediatric patients following a multicenter study of patients aged 0-29 

(AAML0531; NCT00372593). In this study, the addition of GO to traditional chemotherapy 

conferred a significantly improved 3-year event-free survival (53.1% vs 46.9%) due to 

reduction in relapse risk [44].

With the success of GO, CD33 has become a very enticing AML target. Other antibody-drug 

conjugates (ADCs) with a CD33-targeting antibody fused to a cytotoxic payload have 

shown promise in early-stage clinical studies, but none have cleared the final hurdle of late-

stage trials. Vadastuximab talirine (SGN-CD33A), an anti-CD33 mAb linked to a cytotoxic 

pyrrolobenzodiazepine (PBD) dimer, was granted Orphan Drug designation by the FDA 

and on the basis of extremely promising phase I data (NCT01902329) [45], a phase III 

study (CASCADE) was initiated in treatment-naïve, medically-unfit (TNU) AML patients. 

Disappointingly, the trial was terminated early due to increased rates of infection in the 

ADC-treated patients (NCT02785900).
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Lintuzumab (HuM195, SGN-33), one of the first humanized anti-CD33 mAbs developed, 

showed pre-clinical efficacy at inducing ADCC and fixing complement [46], but efficacy 

was minimal in phase IIb (NCT00528333) and phase III (NCT00006045) clinical trials [47]. 

However, lintuzumab did exhibit an excellent safety profile in these patients and modified 

versions of the compound such as 225Ac-Lintuzumab with a fused α-particle emitting 

radionuclide are currently being studied in early-stage trials (NCT03867682).

Another antibody under clinical study is BI 836858, a conventional anti-CD33 IgG1 mAb 

with an engineered Fc. The Fc was engineered to increase binding to FcγRIIIa on immune 

effector cells in the tumor microenvironment and this improved binding to FcγRIIIa 

dramatically increased ADCC in pre-clinical studies [48]. Unfortunately, this Fc-engineered 

antibody did not show efficacy as monotherapy in a phase I clinical trial in patients with 

R/R AML (NCT01690624) [49] but HMAs have been shown to enhance the function 

of BI 836858 in pre-clinical studies by upregulating NK group 2D ligand [48]. Thus, 

additional clinical studies of the antibody in combination with HMAs have been initiated 

(NCT02632721, NCT03013998).

CD123—IL-3R is a glycoprotein on cell membranes composed of an α chain (CD123) 

paired with a ß subunit (CD131) [50]. The CD123 portion binds IL-3 with low 

affinity and high specificity at its N-terminal domain, while its C-terminal domain is 

responsible for intracellular signaling [51]. Physiologically, CD123 is highly expressed on 

pluripotent progenitor cells and signaling through CD123 leads to cellular proliferation and 

differentiation [52]. Leukemic stem cells and blasts, both at initial AML diagnosis and at 

relapse, have significantly increased CD123 expression, making CD123 an attractive AML 

target [53,54].

Talacotuzumab (CSL362) is an IgG1 mAb targeting CD123. This mAb has been shown to 

induce potent in vitro ADCC against CD123-expressing AML blasts/LSCs and reduction 

of leukemic cell growth in murine xenograft models of human AML. In addition, the 

antibody inhibits IL-3 mediated signaling, reducing the proliferation of leukemic progenitor 

cells [55]. Disappointingly, talacotuzumab in combination with decitabine showed no 

improvement in efficacy versus decitabine alone for the treatment of AML in a medically-

unfit, older population (NCT02472145), resulting in early trial discontinuation [56]. 

However, in a phase I study assessing single agent talacotuzumab as post-remission therapy 

in patients with CD123+ AML at high risk of relapse (NCT01632852), 10/20 patients 

maintained complete remission (CR) at 24 weeks after start of treatment and 3/6 patients 

with minimal residual disease positive (MRD+) AML converted to MRD− status, supporting 

the use of anti-CD123 mAbs for maintenance therapy and MRD eradication [57]. Pivekimab 

sunirine (IMGN632), an ADC of a novel CD123-targeting antibody with a highly potent 

DNA alkylating payload known as indolinobenzodiazepine pseudodimer (IGN) [58], is now 

in a phase Ib/II trial in expansion cohorts of MRD+ patients to assess the conversion rate to 

MRD− disease (NCT04086264) [59].

Another interesting compound, tagraxofusp (SL-401), is an ADC-like fusion protein 

comprised of human IL-3 fused to a truncated diptheria toxin payload. Tagraxofusp 

monotherapy has been trialed and FDA-approved for treatment of rare blastic plasmacytoid 
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dendritic cell neoplasm (BPDCN) [60]. It has also been trialed in AML but resistant 

populations of AML cells developed in response to tagraxofusp monotherapy. This was 

found to be mediated by DNA methylation and downregulation of diphthamide genes 

and reversible with azacitidine treatment [61]. BPDCN and some AMLs were also found 

to be sensitive to Bcl-2 inhibition with venetoclax [62]. A phase Ib combination trial 

(NCT03113643) of tagraxofusp with venetoclax and/or azacitidine is ongoing and objective 

responses have been observed in ND AML (complete remission or complete remission 

with incomplete hematologic recovery (CR/CRi) in 9/14 subjects) but not in R/R AML 

patients (0/12 subjects) [63]. Consequently, a phase II study (TAGALONG; NCT05442216) 

of tagraxofusp/azacitidine is planning to recruit ND secondary AML (myelodysplasia 

progression to AML) patients in 2023.

CD47—CD47 is a transmembrane protein that mainly functions as an anti-phagocytic 

signal, enabling CD47+ cells such as healthy HSCs to evade phagocytic elimination by 

macrophages and other phagocytes. Inhibition of phagocytosis occurs when CD47 binds 

to its cognate receptor Signal Regulatory Protein Alpha (SIRPα) on macrophages leading 

to tyrosine phosphatase activation and inhibition of myosin accumulation at the phagocytic 

synapse site. CD47 is found to be constitutively upregulated on myeloid leukemias, and 

overexpression of CD47 by these malignant cells allows them to evade phagocytosis 

[64]. Blockade of this CD47/SIRPα interaction has been shown to induce engulfment and 

elimination of leukemic cells [65,66].

Magrolimab (5F9) is a humanized IgG4 monoclonal antibody with a high affinity for human 

CD47. In pre-clinical murine models, magrolimab showed potent antitumor activity against 

AML, non-Hodgkin lymphoma, cutaneous T-cell lymphoma, ALL, and multiple myeloma 

[67]. Although an initial phase I trial (CAMELLIA) demonstrated issues of decreased 

hemoglobin, increased transfusion requirements and problems with ABO compatibility 

testing [68], follow-up phase Ib/II trials (NCT03248479, NCT04435691) tested lower-dose 

magrolimab in combination with venetoclax and/or azacitidine in TNU AML leading to 

patient responses, with 30/72 in the TP53-mutant cohort achieving CR/CRi [69]. Based on 

these encouraging results, phase III (ENHANCE) trials in TP53-mutant (NCT04778397) 

and TNU (NCT05079230) AML are recruiting patients.

Evorpacept (ALX148) is an antibody-like Fc-fusion protein comprised of SIRPα decoy 

receptors fused to an IgG1 Fc domain with Fc-silencing mutations [70]. There is an ongoing 

phase I/II clinical trial in AML patients (ASPEN-05) assessing ALX148 in combination 

with venetoclax and azacitidine (NCT04755244). Another Fc-fusion protein called TTI-622 

composed of SIRPα domains bound to IgG4 Fc is also in clinical development. This fusion 

protein is a successor to TTI-621, a compound composed of the same CD47-binding SIRPα 
domains bound to IgG1 Fc. The new version of the therapeutic was designed to reduce 

adverse events such as anemia and thrombocytopenia by limiting binding to red blood cells 

and FcγR interactions while still delivering a moderate pro-phagocytic signal through its 

intact IgG4 Fc [71]. This compound is being tested in a phase I clinical trial in high-risk 

AML patients (NCT03530683) in combination with venetoclax and/or azacitidine. These 

combinations cleverly aim to deliver strong pro-phagocytic signals to phagocytes that should 

synergize well with the phagocytic disinhibition provided by TTI-622 [72].
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Anzurstobart (CC-95251), an anti-SIRPα IgG1 monoclonal antibody with complement-

silencing mutation K322A in the Fc domain exhibited high affinity to the different SIRPα 
variants and while it has been Fc-engineered to prevent complement activation, it does 

promote ADCP of tumor cells in vitro when combined with the tumor-antigen opsonizing 

antibody rituximab. CC-95251 demonstrated an excellent safety profile with no evidence of 

blood count depletion in cynomolgus monkeys and two phase I trials in AML have been 

initiated (NCT03783403, NCT05168202) [73].

Notably, an unconjugated anti-CD47 IgG4 monoclonal antibody with Fc-silencing mutations 

called CC-90002 was recently tested in a phase I trial in R/R AML and MDS patients 

(NCT02641002). The antibody exhibited cytotoxicity in pre-clinical models without 

inducing hemagglutination which commonly occurs with bivalent anti-CD47 mAbs but this 

trial was discontinued due to a perceived lack of efficacy. However, further research has 

shown that the efficacy of the antibody in pre-clinical models was dependent on macrophage 

effector function and thus requires residual FcγR function to engage effector macrophages 

[74]. Further engineering of this antibody’s Fc-FcγR binding interactions may be required 

to improve its efficacy.

CD70—CD27 is a tightly regulated co-stimulatory molecule, activated through its unique 

ligand CD70, enabling activation of innate and adaptive immunity [75]. CD70 is a 

transmembrane protein comprised of an extracellular domain, a stalk region and a 

transmembrane domain from the C-terminal TNF homology domain. CD27 activates 

signaling pathways resulting in the activation of transcription factors of the NFκB family 

and MAP kinases. By activation of these pathways, CD27 enhances cellular proliferation 

and induces anti-apoptotic signaling [76]. Riether et al. demonstrated that both AML blasts 

and progenitors consistently express CD70 and its cognate receptor CD27 and that CD27/

CD70 signaling propagates disease [77].

Cusatuzumab (ARGX-110) is an ADCC-enhanced anti-CD70 mAb that significantly 

reduced soluble CD27 levels in treated LSCs, suggesting that the CD27/CD70 interaction 

is efficiently blocked. Custatuzumab was initially tested in combination with azacitidine 

in AML as HMAs like azacitidine are thought to increase CD70 expression in 

leukemia stem/progenitor cells (LSPCs) by demethylation of the CD70 promoter and 

downregulation of miR-29b levels, resulting in the upregulation of CD70 transcription 

factors. Xenotransplantation experiments were performed to analyze the synergistic potential 

of this combination and showed significantly reduced LSCs compared to monotherapy with 

no effect on peripheral blood lymphocytes [78]. Based on these results, a small phase I/II 

combination trial (NCT03030612) was initiated. Encouraging results from this study led 

to a larger follow-up Ib study (ELEVATE; NCT04150887) which demonstrated impressive 

responses. CR/CRi was achieved in 30/44 patients [79]. A phase II trial (CULMINATE; 

NCT04023526) is now ongoing.

CLL-1—C-type lectin-like receptors play a pivotal role in the fight against infection and 

maintain homeostasis and self-tolerance by recognizing damage-associated and pathogen-

associated—molecular patterns [80,81]. CLL-1 (also known as CLEC12A or MICL) is 

a type II transmembrane glycoprotein, consisting of a single extracellular carbohydrate 
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recognition domain with 6 N-glycosylation sites, a transmembrane region, and an 

intracellular N-terminus with two motifs of I/VxYxxL and YxxM. The I/VxYxxL domain 

is an ITIM that negatively regulates immune cell activation by recruitment of inhibitory 

phosphatases [82,83,84]. Several studies have demonstrated that CLL-1 is preferentially 

expressed on leukemic progenitor cells compared to normal progenitors [54,85,86] and 

therapeutics targeting it are now under development.

Zheng et al. developed a novel anti-CLL1 ADC with a self-destructive disulfide linker 

conjugated to an engineered cysteine residue at K149C on the human IgG light chain 

and this anti-CLL-1-ds-PBD was highly effective at depleting tumor cells in cynomolgus 

monkeys with no target-independent toxicities [87]. The ADC was licensed to Genentech 

as DCLL9718S and trialed in untreated AML patients (NCT03298516) but disappointingly, 

the study was stopped during dose escalation due to hepatic toxicity. Researchers still 

remain optimistic that CLL-1 is a viable target for AML therapeutics, with multiple CLL-1-

targeting autologous cell therapies in early-stage clinical trials for R/R AML, such as 

KITE-222 (NCT04789408) and CLL-1.CAR-T (NCT04219163).

CD45—CD45 (also known as leukocyte common antigen or LCA) is a tyrosine phosphatase 

expressed on all hematopoietic cells with the exception of mature erythrocytes and platelets. 

As CD45 is expressed on a spectrum of primitive to mature leukocytes, antagonism may 

not be a safe therapeutic strategy for AML, but researchers have shown that CD45-specific 

cytotoxic agents can provide safe and effective preconditioning of patient bone marrow prior 

to HSCT [88].

Apamistamab-I-131 (Iomab-B), an innovative antibody-based therapeutic targeting CD45, 

aims to utilize this mechanism to improve the toxicity profile of HSCT-preconditioning and 

thus lower the fitness requirements for patients to receive an often lifesaving transplant. 

Iomab-B is a radiolabeled IgG1ҡ antibody that targets the CD45 receptor, delivering 

cytotoxic ß particles to CD45+ cells. Iomab-B is currently under development as a 

conditioning agent for use prior to allogeneic HSCT for patients 55 and older with active 

R/R AML and was granted Orphan Drug designation for this indication by the EMA and 

FDA [89]. A phase III trial (SIERRA; NCT02665065) is currently evaluating the efficacy 

of Iomab-B in combination with a Reduced Intensity Conditioning (RIC) regimen compared 

to a conventional care regimen prior to HSCT in 150 older patients with active R/R AML. 

Incredibly, preliminary data has shown that of the patients receiving the full therapeutic dose 

of Iomab-B and RIC prior to HSCT, 100% have been successfully engrafted, compared to 

successful engraftment of 18% of patients who received a physician’s choice of salvage 

therapy in the control study arm. Additionally, 38 patients who did not respond to the 

conventional care regimen have crossed over to the study’s treatment arm and all 38 have 

been successfully engrafted as well. [89].

TIM-3—Anti-T-cell immunoglobulin and mucin-domain containing molecule-3 (TIM-3) is 

a receptor primarily known for promoting immune tolerance that is expressed by exhausted 

T cells in the peripheral blood and bone marrow in many physiologic settings [90,91], 

including AML [92]. TIM-3 is also found on NK cells and on myeloid cells, including 

malignant AML cells, in which there is an autocrine stimulatory loop that works through 
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the interaction between TIM-3 and Galectin-9 ligand, leading to phosphorylation of ERK 

and protein kinase B (PKB, also known as Akt). This process results in the induction of 

the β-catenin pathway and NFκB activation, leading to clonal selection of LSCs and tumor 

progression. Crucially, blocking TIM-3/Galectin-9 interaction with antagonistic mAbs has 

been shown to prevent LSC renewal and rescue NK cell-mediated cytotoxicity [93,94,95].

Sabatolimab (MBG453) is a humanized Fc-modified anti-TIM-3 IgG4ҡ (S228P) antibody 

being developed for the treatment of AML and high-risk MDS. The antibody blocks 

binding of Galectin-9 to TIM-3, preventing leukemic stem-cell renewal and inducing 

apoptosis. Sabatolimab also facilitates ADCP of AML cells through Fc-FcγRIa engagement 

but does not experience Fab-arm exchange with endogenous IgG4 antibodies due to its 

S228P mutation at the Fc hinge region [96]. A phase Ib study of sabatolimab/HMA 

(NCT03066648) demonstrated moderate clinical efficacy with CR/CRi achieved in 11/34 

evaluable patients [97] and a phase II study of this combination is now ongoing in TNU 

AML patients (STIMULUS-AML1; NCT04150029) [98].

CD38—CD38 is a transmembrane glycoprotein expressed on hematopoietic cells that 

regulates cytokine release, cellular adhesion and migration toward sites of inflammation. 

CD38 is expressed by cells of the lymphoid and myeloid lineage as well as red blood 

cells and platelets. However, the highest expression of CD38 is found on plasma cells, 

making CD38 an ideal target for targeted immunotherapy in plasma cell malignancies such 

as multiple myeloma (MM). AML blasts also have notably high CD38 expression and 

pre-clinical studies have shown that anti-CD38 mAbs can induce significant ADCP and 

prevent AML cell trafficking in a xenograft model [99].

Isatuxumab and daratumumab are CD38-targeting monoclonal IgG1 antibodies that 

have been FDA-approved for MM. Both antibodies function through immune effector 

cell mechanisms but isatuximab can induce apoptosis of CD38+ cells directly 

while daratumumab requires engagement of effector immune cells [100]. Both have 

entered phase II trials for AML, with isatuximab being trialed in combination with 

chemotherapy in pediatric patients (NCT03860844) and daratumumab being trialed in adults 

(NCT03067571).

FLT-3—FLT-3 (FMS-like tyrosine kinase 3 or CD135) is an appealing target in AML 

because it is a proto-oncogene found on the cell surface of malignant leukemic blasts in 

most AML patients with limited expression on normal cells [101]. Recent FDA approvals of 

FLT-3-targeting kinase inhibitors midostaurin and gilteritinib have demonstrated the efficacy 

of targeting FLT-3 in AML. FLT-3 is found to be mutated in nearly a third of patients, and 

development of the second-generation gilteritinib has improved specificity for FLT-3 internal 

tandem duplication and tyrosine kinase domain mutations which has improved responses in 

FLT-3-mutant R/R AML patients [102,103].

Antibody therapies targeting FLT-3 uniquely bind the FLT-3 extracellular domain which 

has low genotypic variance, allowing for greater applicability of these therapeutics to all 

AML patients. FLYSYN is an ADCC-enhanced FLT3-targeting IgG1 antibody that mediated 

markedly enhanced cellular cytotoxicity against FLT3+ cell lines as well as AML patient 
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blasts in pre-clinical studies [104]. This antibody was tested in a phase I trial in MRD+ 

AML patients (NCT02789254) and showed moderate preliminary efficacy with ≥1 log MRD 

reduction in 11/31 patients [105] but no follow-up clinical study has been initiated, as the 

sponsor is developing more potent FLT-3-targeting modalities.

CD157—CD157 is a glycosylphosphatidylinositol (GPI)-anchored glycoprotein found on 

the surface of granulocytes, monocytes and myeloid precursors. This cell surface receptor 

binds extracellular matrix (ECM) proteins like fibronectin with high affinity in a complex 

with β1 and β2-integrins, allowing for intracellular signal transduction through FAK that 

promotes cell adhesion and migration [106]. Adhesion to fibronectin is known to protect 

AML blasts from chemotherapy-induced cytotoxicity, an effect known as cell adhesion-

mediated drug resistance, and an ex vivo study by Yakymiv et al. showed that this 

fibronectin-mediated protective effect against cytosine arabinoside (AraC) treatment proved 

to be stronger in CD157+ than in CD157− primary AML cells, suggesting that CD157 

has a role in facilitating leukemia cell interactions with ECM components and modulates 

the sensitivity of AML cells to chemotherapy. [107]. A CD157-targeting mAb (MEN1112/

OBT357) has demonstrated potent ADCC activity in ex vivo primary AML and autologous 

PBMC co-culture studies regardless of FcγRIIIa polymorphism, due to its afucosylated 

IgG1 format [108] and studies in non-human primates demonstrated low immunogenicity 

and toxicity [109]. However, in a clinical study (ARMY-1, NCT02353143), unpredicatable 

liver toxicities and limited clinical responses led to trial discontinuation. Targeting CD157 in 

AML may still hold potential, but will require appropriate clinical contextualization.

CD200—CD200 is an immunoglobulin (Ig)-like immune checkpoint receptor with two 

extracellular Ig-like domains that bind its cognate receptor CD200R1, expressed on 

some hematopoietic cell precursors to save them from autoimmune destruction [110]. 

CD200 is also consistently overexpressed on AML LSCs, providing these malignant 

cells with immune privilege [111]. Disappointingly, an early-phase clinical trial of the 

anti-CD200 IgG2/4ҡ Samalizumab in R/R AML (NCT03013998) was discontinued, but 

this was somewhat unsurprising as this antibody only showed pre-clinical efficacy in 

lymphoma models [112]. Research by Herbrich et al. in AML xenografts demonstrated 

that CD200+ AML progressed more rapidly and had diminished T cell responses relative 

to CD200− AML. And importantly, treatment with a novel anti-CD200 IgG1 mAb led to 

AML destruction in both PBMC-humanized immunocompetent and azacitidine/venetoclax-

resistant immunodeficient mouse models, indicating that anti-CD200 therapy may be 

clinically effective in the post-HSCT setting and in treatment-resistant MRD+ AML [113].

2.2. LILRB family of receptor targets

Leukocyte immunoglobulin (Ig)-like receptors (LILR) are a family of 11 immunoregulatory 

transmembrane glycoproteins consisting of multiple Ig-like extracellular domains, a 

transmembrane region, and an intracellular cytoplasmic tail [114]. LILRs were first 

reported in 1997 [115,116], and have since been referred to as LIRs, immunoglobulin-like 

transcripts (ILTs), and CD85. LILRs include six immune-activating LILRs (LILRA1-6) 

and five immune-inhibiting LILRs (LILRB1-5) [117]. Although LILRs are expressed only 

in primates, there are two murine relatives: PirB and gp49B1 [118]. With the exception 
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of LILRA3, which exists in a soluble protein form, functional LILRAs 1, 2, and 4-6 

contain either two or four Ig-like extracellular domains, as well as short intracellular 

cytoplasmic tails that are associated with immunoreceptor tyrosine-based activation motifs 

(ITAMs) with a “classical” amino acid pattern of YxxI/Lx(6-12)YxxI/L [119,120]. Charged 

arginines and lysines on the ITAMs recruit Syk/ZAP70 family kinases, which activate 

downstream immune signals and increase secretion of inflammatory cytokines [121]. In 

contrast, inhibitory LILRBs have long intracellular cytoplasmic tails containing up to four 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) each with a canonical pattern 

of six amino acids: S/I/V/LxYxxI/V/L [122]. Binding of specific ligands to an LILRB’s 

Ig-like extracellular domain leads to phosphorylation of intracellular ITIM tyrosine residues, 

which then recruit inhibitory phosphatases SHP-1, SHP-2, and SHIP1. These inhibitory 

phosphatases suppress the downstream tyrosine phosphorylation and Ca2+ mobilization 

necessary for cells to generate an inflammatory response [123,124]. Differences in each 

LILRB’s structure and patterns of expression across different cell lineages as well as their 

interactions with different ligands alter their effects on immune suppression.

LILRBs are expressed predominantly on hematopoietic cells, although specific LILRB 

family members are also present on neurons, osteoclasts, endothelial cells, and stromal 

cells [125]. These receptors mediate anti-inflammatory signals which help cells to avoid 

autoimmune attack by monocytes, macrophages, neutrophils, and lymphoid cells [126,127]. 

However, in patients with AML, expression of LILRBs on AML cells and myeloid-derived 

suppressor cells (MDSCs) can alter the tumor microenvironment (TME) by suppressing 

the function of nearby inflammatory cells [128]. Studies have shown that LILRBs are both 

anti-inflammatory and oncogenic, supporting tumors through immune suppression in the 

TME and promoting migration of tumors to distant sites [129]. As the LILRB family of 

receptors can act as both immune checkpoints and tumor-supporting factors, they are of 

great therapeutic interest in hematologic and solid tumors.

LILRB4—The LILRB target of greatest interest in AML currently is LILRB4 (also known 

as CD85K, ILT3, LIR5 and HM18) [129], an inhibitory type I transmembrane protein 

in the LILRB family of receptors expressed primarily on monocytic cells (monocytes, 

macrophages, DCs) [130] as well as plasmablasts [131] and Tregs [132]. LILRB4 can also 

be found on in vitro differentiated progenitor mast cells, endothelial cells, and osteoclasts 

[125,130,133].

Unlike other LILRBs, LILRB4 has only two extracellular Ig-like domains (D1 and D2), 

a transmembrane domain, and three intracellular ITIMs. The structure of D2 is similar to 

the D4 domain of other LILRBs; however, it contains unique 310 helical turns that reduce 

D2’s contact with D1. The resulting D1-D2 interface folds into an obtuse angle that is both 

conformationally and electrostatically incapable of binding to MHC I – unlike the Ig-like 

domains of LILRB1 and LILRB2 [134]. Certain surface regions of D1 and the D1-D2 hinge 

region enable LILRB4 to bind with novel non-MHC class I ligands such as Apolipoprotein 

E (ApoE) [129] and fibronectin [135].

Physiologically, LILRB4’s role is to negatively regulate monocyte and T cell activity to 

protect cells from autoimmunity. On monocytes and macrophages, LILRB4 crosslinking to 
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FcγRIII leads to recruitment of SHP-1 and inhibition of FcγRIII-mediated downstream 

signaling and Ca2+ mobilization [123] while LILRB4 crosslinking to FcγRI leads to 

recruitment of non-SHP-1 phosphatases that downregulate production of TNFα [136] and 

suppress FcγRI-dependent immune functions [137]. On other cell types, LILRB4 is capable 

of inhibiting T cell activation. For example, LILRB4 on DCs promotes conversion of 

alloreactive CD4+CD45RO+CD25+ T cells to Tregs which proceed to further tolerize DCs 

[138]. A 2009 study in humanized mice suggested that LILRB4 also suppresses the release 

of pro-inflammatory cytokines IL-1 alpha, IL-6, and type I IFN, as well as CXCL10 and 

CXCL11 which aid in mobilization of effector T cells [139].

Monocytic AML subtypes (M4/M5-AML) hijack this anti-inflammatory physiology by 

overexpressing the LILRB4 receptor [129]. Intracellularly, tyrosines at residues 412 and 

442 of the distal two ITIM domains are phosphorylated when LILRB4 binds Apolipoprotein 

E (ApoE) ligand. This recruits SHP-2, leading to nuclear trafficking of NFκB and induction 

of downstream effectors including arginase 1 (ARG1) and urokinase receptor (uPAR) which 

inhibit T cell proliferation and promote tissue infiltration respectively [140]. Additionally, 

fibronectin in the stromal TME has been shown to serve as a ligand for LILRB4 on myeloid 

cells in the TME that supports myeloid cell phenotypic differentiation into tumor-associated 

suppressive cells [141] (Fig. 2). Researchers have demonstrated that blocking LILRB4 

with antagonistic antibodies disinhibits T cell activation and prohibits differentiation of 

myeloid cells into tumor-associated suppressive cells while also impeding LILRB4+ tumor 

cell migration [129,141,142]. Furthermore, as LILRB4 is significantly overexpressed on 

monocytic AML cells, cytotoxic antibody-based therapeutics targeting LILRB4 such as 

CAR-T cells and ADCs have been developed and these have shown great efficacy against 

monocytic AML in the pre-clinical setting [143,144] (Fig. 3).

LILRB4 immunoregulatory signaling is a critical and tumor-specific feature of AML and 

the TME. Thus, targeting of LILRB4 with antibody-based immunotherapy is an area of 

great clinical interest. There are currently three anti-LILRB4 mAbs in ongoing clinical trials 

and two of these (IO-202 and MK-0482) are being tested in AML patients. The first anti-

LILRB4 antibody approved for clinical use in AML was IO-202, an IgG1 mAb currently 

under phase I evaluation in hematologic malignancy (NCT04372433) [145]. IO-202 was 

granted Orphan Drug designation for treatment of AML and Fast Track designation for the 

treatment of R/R AML by the FDA. Clinical efficacy data has not yet been publicly released, 

but pre-clinical studies of IO-202 have demonstrated that the antibody is efficacious in 

hLILRB4-transgenic and xenograft mouse AML models and well-tolerated in cynomolgus 

monkeys [145]. MK-0482, an anti-LILRB4 IgG4 antibody, is also under phase I clinical 

evaluation in patients with R/R AML (NCT05038800). Of note, two autologous cell 

therapies, an anti-LILRB4 CAR-T and an anti-LILRB4 synthetic T cell antigen receptor 

T cell (STAR-T) have entered phase I trials in patients with R/R myelomonocytic (M4) or 

monocytic (M5) AML (NCT04803929) and R/R AML (NCT05518357), respectively.

Pre-clinical studies have shown that other receptors in the LILRB family may also prove 

useful as AML targets but due to their more complex signaling patterns in the AML immune 

TME or relatively uncharacterized biology, antibody therapeutics targeting these receptors 

have not made it to the clinical stage for AML. However, AML xenograft studies of antibody 
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therapeutics independently targeting LILRB1 [146] and LILRB3 [147] have importantly 

demonstrated that blockade of LILRB signaling increased AML cell death and effector 

function of NK cells/CTLs as well as suppression of anti-inflammatory MDSC and Treg 

infiltration into the AML immune TME.

3. Bispecific antibody-based therapies

The term bispecific antibody (bsAb) describes a large family of therapeutic molecules 

with two antigen recognition sites. The bsAbs used to target leukemias are typically 

immune cell engagers (ICEs) in which one antigen recognition site targets a leukemia-

specific antigen (LSA) while the other targets an immune cell antigen (commonly CD3 

on T cells), allowing for synchronous targeting and facilitating of host immunity in an 

MHC-independent manner [148]. Bispecific antibodies were first generated in the 1960s 

when antigen-binding fragments from two different polyclonal sera were re-associated into 

bispecific F(ab’)2 molecules. With the development of hybridoma technology in 1975 and 

antibody engineering in the last three decades, it is now possible to generate antibodies 

of more than one defined specificity with relative ease [149]. Generally, these are divided 

into two major classes: those lacking an Fc region (Non-IgG-Like) and those bearing an 

Fc region (IgG-Like) [150,151] (Fig. 4). De Gast et al. developed the first bsAb used 

in hematological malignancies, a bispecific T cell engager (BiTE) targeting CD3xCD19, 

without significant clinical response in non-Hodgkin lymphoma but with toxicities limited to 

grade II fever and chills following infusion [152]. Over twelve years later, the CD3xCD19 

bsAb blinatumomab was approved by the FDA for second-line use in B-cell precursor ALL 

[153].

3.1. Targets for bispecific antibody-based therapy of AML

CD33xCD3—AMG 330 and AMG 673, a CD33xCD3 BiTE and half-life extended (HLE) 

BiTE respectively, were developed to recruit T cells to recognize and kill CD33+ human 

AML [154]. Aigner et al. demonstrated that T-cells from AML patient samples were 

efficiently engaged by AMG 330 and that primary malignant cells were sensitive to BiTE-

mediated killing by allogeneic T-cells [155]. AMG 330 was tested in a phase I trial in 

adult R/R AML patients (NCT02520427), where it was given as a continuous IV infusion 

because of its short half-life (<2 h). In an update presented at ASCO 2020, AMG 330 

provided early evidence of acceptable safety profile, drug tolerability and anti-leukemic 

activity [156,157,158]. AMG 673 fused scFvs with binding specificities for CD33 and CD3 

to the N-terminus of an IgG Fc region to increase the BiTE’s terminal half-life from a few 

hours to a few days. Preliminary results from a phase I trial (NCT03224819) in R/R AML 

patients showed evidence of blast reduction [159] but trials of both AMG 330 and 673 have 

been discontinued due to sponsor prioritization decisions.

Vixtimotamab (AMV564) is a CD33xCD3 tandem diabody with two scFvs for each target. 

In this bivalent format, AMV564 has high avidity and a size exceeding the renal clearance 

threshold. Preliminary data from a first-in-human trial in R/R AML (NCT03144245) 

demonstrated limited toxicity and evidence of T cell activation and bone marrow blast 

reduction in most patients [160].

Morse et al. Page 13

Expert Opin Investig Drugs. Author manuscript; available in PMC 2024 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT02520427
https://clinicaltrials.gov/ct2/show/NCT03224819
https://clinicaltrials.gov/ct2/show/NCT03144245


JNJ-67571244 is a CD33xCD3 asymmetric IgG4 mAb with Fc-silencing mutations 

generated using controlled Fab-arm exchange (Genmab DuoBody® technology) [161]. 

The anti-CD33 Fab arm of JNJ-67571244 uniquely binds the genotypically-conserved 

membrane-proximal IgC2 domain rather than the genotypically-variant membrane-distal 

IgV domain, allowing for consistent binding across CD33 genotypes. This bsAb was 

specifically cytotoxic to CD33+ AML blasts in primary samples and well-tolerated in 

cynomolgus monkeys, paving the way for a phase I clinical trial (NCT03915379) of the 

compound as monotherapy in patients with R/R AML or high-risk MDS [162]. The initial 

trial has been completed but data is not yet publicly available.

CD123xCD3—Vibecotamab (XmAb14045, SQZ622) is a CD123xCD3 bsAb that has a 

full-length Fc-engineered IgG, allowing for intermittent (weekly) administration. A phase 

I study in R/R AML (NCT02730312) demonstrated few clinical responses [163] but 

biomarker data from this study has led to initiation of a phase II trial (NCT05285813) 

aiming to eradicate MRD positivity in a cohort of AML patients in morphologic remission.

Another emerging bispecific technology is the dual-affinity retargeting (DART) agent, 

consisting of two scFvs covalently linked to enhance stability. DART crosslinking of 

leukemic cells to effector T cells has been demonstrated to assist cytolytic synapse formation 

and T cell killing [164]. Flotetuzumab (MGD006) is a DART with two independent 

polypeptides fusing the heavy-chain variable domain of one antibody to the light-chain 

variable domain of the other that has shown activity in AML [165]. In a phase I/II study 

of MGD006 (NCT02152956), CR/CRi was achieved in 6/30 AML patients with primary 

induction failure or relapse [166]. Although this compound showed preliminary efficacy in 

early-stage trials, there were concerns of cytokine release and a next-generation “DART-Fc” 

currently known as MGD024 has been developed to avoid this issue and improve circulating 

half-life. This DART-Fc has a mutation in the CD3-targeting scFv to limit CD3ε binding and 

a fused IgG1 Fc to increase the compound’s half-life in circulation [167]. MGD024 will be 

tested in an upcoming phase I trial (NCT05362773).

APVO436 is a bispecific targeting CD123xCD3 which has been uniquely engineered with 

ADAPTIR® technology to engage CD123 with scFv domains linked to the N-termini 

and engage T cells with CD3-specific scFv domains linked to the C-termini of the Fc 

domain. The Fc-domain has also been mutated to reduce engagement of Fc gamma receptors 

but maintains FcRn-binding capabilities. This scFv2-Fc-scFv2 structure is notable for its 

bivalent avidity for both target antigens and its reduced cytokine release relative to other 

bispecific antibody formats. AML xenograft studies of APVO436 showed dose-dependent 

anti-leukemic activity and prolonged survival with minimal cytokine release [168]. A phase 

Ib trial in R/R AML (NCT03647800) is ongoing and the early data has critically shown no 

dose-limiting toxicities [169].

CD47xCD40—SL-172154 is a fusion protein consisting of two human SIRPα domains and 

two human CD40L domains fused to a human IgG4 Fc. In pre-clinical studies, the SIRPα 
domains of the fusion protein were found to antagonize the CD47 checkpoint on tumor cells, 

leading to phagocytosis. Additionally, the CD40L domains potently stimulated CD40 on 

antigen-presenting cells, potentiating antigen release and cross-presentation to CD8+ T cells 
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[170]. SL-172154 is now under phase I clinical study in high-risk AML and MDS patients 

(NCT05275439).

CD47×4-1BB—DSP107 (KAHR Medical) is a fusion protein consisting of three human 

SIRPα domains fused to a single human 4-1BBL domain. This ICE aims to exploit 

CD47 checkpoint inhibition while simultaneously engaging 4-1BB on T cells. 4-1BB is an 

attractive target for this purpose as it is considered a surrogate marker for the tumor-reactive 

T cell subset of Tumor-Infiltrating Lymphocytes (TILs) in the TME but it is not expressed 

on resting T cells in the peripheral blood like CD3 is. Agonistic 4-1BB-targeting antibodies 

like urelumab have not been successful clinically thus far, as these antibodies cannot 

fulfill the signaling requirements of 4-1BB without FcγR-crosslinking which can be overly 

cytotoxic. The DSP107 fusion protein aims to overcome this issue as it is immobilized by 

trimeric binding to CD47 on tumor cells, allowing for stable delivery of the 4-1BBL ligand 

to its 4-1BB receptor on TILs in the TME. DSP107 was found to potently and specifically 

stimulate TILs in AML xenograft studies [171] and a phase I clinical trial of the compound 

is now recruiting patients (NCT04937166).

CLL-1xCD3—Tepoditamab (MCLA-117) is a modified full-length human bispecific IgG1 

antibody targeting CLL-1xCD3 which has proven capable of inducing targeted cytotoxicity 

against primary AML cells in pre-clinical studies [172]. Tepoditamab was shown to 

efficiently redirect T cells to kill tumor cells while sparing normal HSCs [173]. Preliminary 

data from an ongoing phase I trial (NCT03038230) showed that no maximum tolerated dose 

was reached, but unfortunately only 1/58 patients achieved morphologic leukemia-free status 

[174]. Researchers initially aimed to improve clinical activity of the compound through 

pharmacometric modeling, optimizing T cell activation and selecting patients based on 

CLL-1 levels, but it now appears that tepoditamab will not be developed further.

ABL602, a bsAb in pre-clinical development, also targets CLL-1xCD3 but has a unique 

asymmetric 2+1 structure which exhibits stronger bivalent binding to CLL-1 antigen than 

tepoditamab. ABL602 also exhibits greater tumor-specific killing of AML and lower levels 

of cytokine release than tepoditamab in vitro [175], indicating it may have an improved 

toxicity and efficacy profile in patients.

FLT-3xCD3—AMG 427 is a FLT-3xCD3 HLE BiTE composed of anti-FLT-3 and anti-CD3 

scFvs bound in tandem with an IgG Fc fused to the CD3-targeting domain. In ex vivo 
studies, AMG 427 induced high cytotoxicity of primary AML blasts with increased FLT-3 

expression. This was enhanced by the presence of an anti-PD-1 antibody [176]. A phase I 

trial of AMG 427 in R/R AML is enrolling patients (NCT03541369).

CLN-049 is a FLT-3xCD3 IgG(H)-scFv2 bispecific consisting of a bivalent anti-FLT-3 IgG1 

with Fc-silencing mutations fused to anti-CD3 scFv domains at the C-termini of the heavy 

chains. In pre-clinical studies of AML cell lines, even cell lines with low FLT-3 expression 

were efficiently lysed upon treatment with sub-nanomolar concentrations of CLN-049 when 

co-cultured with heterologous PBMCs, while FLT-3-expressing hematopoietic progenitor 

cells and dendritic cells were not found to be sensitive to CLN-049 killing. However, target 

expression level was associated with increased cytokine release, so CLN-049 may have 
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the highest therapeutic index in patients with FLT-3low AML blasts [177]. A phase I trial 

(NCT05143996) of CLN-049 in R/R AML is currently recruiting patients.

4. Conclusion

Acute myeloid leukemia (AML) remains the most common and deadliest form of leukemia, 

with about 20,000 new cases and 11,500 deaths attributed to AML in the United States 

in 2022 [178]. In recent years, the elucidation of tumor-specific AML and immune 

microenvironment receptors has prompted generation of novel antibody-based therapeutics 

targeting these receptors. Many of these mAbs, ADCs, bsAbs, and even trispecific [179] 

antibody-based therapeutics have reached the clinical testing stage and results from these 

trials will soon aid in the development of personalized therapeutic options that will greatly 

improve prognoses for some populations of AML patients, such as those deemed ineligible 

for HSCT. Targeted therapies offer these patients the realistic possibility of achieving strong 

remissions and overcoming issues of treatment resistance and deadly relapsing disease in the 

years to come.

5. Expert opinion

While treatment options have improved for patients with acute myeloid leukemia (AML) 

over the past decade, outcomes remain unacceptably poor. Standard of care induction 

therapy remains the intensive non-targeted chemotherapy combination of cytarabine and an 

anthracycline derivative infused over 7 days and 3 days respectively (“7+3”). Consolidative 

therapy with higher doses of cytarabine, and/or hematopoietic stem cell transplant (HSCT) 

is then utilized to improve the durability of remissions and increase the incidence of cure, 

however many patients cannot tolerate the intensity of these therapies, and minimal residual 

disease may still persist leading to subsequent relapse.

For older patients not appropriate for standard intensive chemotherapy, progress in recent 

years includes the development and FDA approval of the Bcl-2 inhibitor venetoclax in 

combination with hypomethylating agents (HMAs). With this combination, median overall 

survival now exceeds 12 months, which is improved from previous expectations, but still 

unsatisfactory.

Targeted therapeutics offer the promise of robust efficacy against AML blasts and leukemic 

stem cell (LSC) progenitors, with limited toxicity, by executing precision targeting of tumor-

specific and tumor microenvironment (TME)-specific antigens. Bone marrow biopsy and 

peripheral blood analysis at diagnosis (and at relapse) can provide key information including 

cytogenetic and molecular profiling of the AML blasts and progenitors, as well as the 

unique characteristics of each patient’s TME. This information can allow clinicians to select 

targeted therapeutic options that will improve long-term prognoses for the populations of 

AML patients at highest risk, such as the large population of older AML patients currently 

unable to receive HSCTs due to fitness requirements and those with adverse cytogenetics.

In the future, there is great optimism that antibody-based targeted immunotherapies will 

significantly improve survival in even the highest-risk AML patient populations.
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Future AML research will continue to be focused on the promising areas of tumor- 

and TME-specific targeted therapies such as antibody-based therapeutics and adoptive 

cell therapies, as these areas have seen great progress in recent years, for example, the 

re-approval of gemtuzumab ozogamicin and ongoing clinical trials investigating of targeted 

antibody-based agents (e.g., magrolimab and IO-202). Importantly, early detection and 

prevention are other areas of great interest in AML research that stand to greatly improve 

patient outcomes in the coming years. Specifically, there has been recent progress in the 

understanding of cytogenetic profiles that predispose individuals to therapy-related AML 

(t-AML) such as those with unstable genetic variants susceptible to carcinogenesis induced 

by radiation or alkylating agents and in the identification of prognostic biomarkers known to 

lead myelodysplastic syndrome (MDS) to evolve into AML. Further research in these areas 

will help clinicians prevent t-AML in vulnerable patients and find ways to stop MDS in its 

tracks before it progresses to the especially lethal AML.

From our perspective, we remain confident that the future of AML therapy will be both more 

effective and more individualized. Targeted induction therapies for AML will be tailored to 

each patient’s cytogenetic and molecular profile, leading to decreased toxicity and deeper 

and more durable remissions. While most eligible higher risk AML patients will still likely 

require HSCT to offer the best long-term efficacy, we are hopeful that longitudinal clinical 

studies of newer immunotherapies will confirm the role of targeted immunotherapies to 

improve and enhance the ability to maintain durable remissions in all patients.
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Abbreviations:

ACT adoptive cellular therapy

ADC antibody drug conjugate
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ADCC antibody dependent cell-mediated cytotoxicity

ADCP antibody dependent cellular phagocytosis

AML acute myeloid leukemia

ALL acute lymphocytic leukemia

ApoE apolipoprotein E

AZA azacitidine

Bcl-2 B-cell lymphoma 2

BiTE bispecific T-cell engager

BPDCN blastic plasmacytoid dendritic cell neoplasm

bsAb bispecific antibody

CAR-T chimeric antigen receptor T cells

CDC complement dependent cytotoxicity

CLL-1 C-type lectin-like molecule 1

CR complete remission

CRi complete remission with incomplete hematologic recovery

CyTOF cytometry by time of flight

DART dual-affinity re-targeting protein

DC dendritic cell

F(ab) antigen-binding fragment

F(ab’)2 bivalent antigen-binding fragment

Fc fragment crystallizable

FcγRs Fc gamma receptors

FcRn neonatal Fc receptor

FLT-3 fms like tyrosine kinase 3

GO gemtuzumab ozogamicin

HLE half-life extended

IgG immunoglobulin G

IGN indolinobenzodiazepine pseudodimer

ITAM immunoreceptor tyrosine-based activation motif
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ITIM immunoreceptor tyrosine-based inhibitory signaling motif

HMAs hypomethylating agents

HSC hematopoietic stem cell

HSCT hematopoietic stem cell transplant

LILR leukocyte immunoglobulin-like receptor

LSC leukemic stem cell

M4 AML myelomonocytic AML

M5 AML monocytic AML

mAb monoclonal antibody

MDS myelodysplastic syndrome

MDSCs myeloid-derived suppressor cells

MM multiple myeloma

MRD minimal residual disease

NFκB nuclear factor kappa-light-chain-enhancer of activated B cells

OS overall survival

PBD pyrrolobenzodiazepine dimer

PBMC peripheral blood mononuclear cell

PD-L1 programmed death-ligand 1

PD-1 programmed cell death protein 1

PR partial response

R/R relapsed/refractory

scFv single-chain variable fragment

SHIP-1 Src homology region 2 domain-containing inositol polyphosphate 

5-phosphatase 1

SHP-1 Src homology region 2 domain-containing phosphatase-1

SHP-2 Src homology region 2 domain-containing phosphatase-2

Siglecs sialic acid binding immunoglobulin-like lectins

SIRPα Signal Regulatory Protein Alpha

TAM tumor-associated macrophage
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TIM-3 Anti-T-cell immunoglobulin and mucin-domain containing 

molecule-3

TME tumor microenvironment

Treg regulatory T cell

TriKE trispecific killer engager

TNU treatment-naïve, medically-unfit

VH variable heavy chain

VL variable light chain
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Article highlights

• Acute myeloid leukemia (AML) is the most common and deadly adult 

leukemia.

• AML is managed with toxic non-targeted chemotherapy and hematopoietic 

stem cell transplant in patients who can tolerate it.

• Older patients can be treated with more benign hypomethylating agents 

(HMAs) and venetoclax but most patients experience lethal relapsing disease.

• Target receptors (e.g. CD33, CD123, CD47, LILRB4) on the AML cell 

surface have been identified in recent years and antibody-based therapeutics 

specifically targeting these receptors have shown promise in pre-clinical and 

clinical studies.

• Antibody-based therapeutics have been designed to specifically agonize or 

antagonize cell signaling pathways downstream of these receptors. They can 

also be engineered to deliver cytotoxic payloads as antibody-drug conjugates 

and connect humoral immunity to cell-based cytotoxic immune functions 

through engineering of the antibody Fc region.

• Additionally, bispecific antibody-based therapeutics have been developed 

to specifically bind effector immune cells such as T cells and NK cells 

and direct them to malignant cells via concurrent specific binding of tumor-

specific antigens.

• Continued research into novel AML-specific targets and their fundamental 

biological functions will aid development of rationally designed antibody-

based therapeutics that will provide safer and more effective treatment options 

for all AML patients.

Morse et al. Page 30

Expert Opin Investig Drugs. Author manuscript; available in PMC 2024 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Overview of receptor targets for antibody-based therapy in acute myeloid leukemia 
(AML) patients.
The receptors shown on the surface of the “AML” cell are currently in pre-clinical and 

clinical studies as targets for antibody-based therapy of AML myeloblasts and leukemic 

stem cells. The receptors illustrated on the surface of DCs, NK cells and T cells are targets 

for multispecific antibody-based therapies that directly crosslink these immune cells to AML 

myeloblasts and leukemic stem cells, leading to potentiation of antigen-presentation and 

immune effector function against the malignant cells. Created with BioRender.com.
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Figure 2. LILRB4 signaling in the acute myeloid leukemia (AML) immune and stromal tumor 
microenvironment (TME).
LILRB4 on AML cells binds Apolipoprotein E (ApoE) and this recruits SHP-2 leading 

to upregulation of NFκB and induction of downstream effectors including arginase 1 

(ARG1) and urokinase receptor (uPAR) which inhibit T cell proliferation and promote tissue 

infiltration respectively. Additionally, fibronectin serves as a ligand for LILRB4 on myeloid 

cells in the stromal TME supporting phenotypic differentiation into tumor-associated 

suppressive cells such as tolerogenic dendritic cells that downregulate inflammatory 

signaling leading to failure of leukocyte adhesion and local T cell suppression. Created 

with BioRender.com.
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Figure 3. Mechanisms of antibody-based therapeutics targeting LILRB4 in acute myeloid 
leukemia (AML).
Unconjugated antagonistic antibodies against LILRB4 prevent binding of its ApoE and 

fibronectin ligands, leading to disinhibition of T cell proliferation and suppression of 

anti-inflammatory myeloid cell differentiation while simultaneously prohibiting migration 

of LILRB4+ tumor cells to distant sites. Humanized anti-LILRB4 mAbs in an IgG1 

format with intact, functional Fc can also engage effector NK cells and macrophages in 

antibody dependent cell-mediated cytotoxicity and phagocytosis respectively. Furthermore, 

as LILRB4 is significantly overexpressed on monocytic AML cells, cytotoxic antibody-
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derived therapeutics targeting LILRB4 such as anti-LILRB4 chimeric antigen receptor 

(CAR) T cells and anti-LILRB4 antibody-drug conjugates (ADCs) have been developed that 

have shown great efficacy against monocytic AML subtypes. Created with BioRender.com.
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Figure 4. Bispecific antibody-based immune cell engager (ICE) formats commonly used to target 
acute myeloid leukemia (AML).
Bispecific antibody-based therapeutic formats commonly used to target AML can be broadly 

classified into Non-IgG-Like ICEs lacking an IgG Fc and IgG-Like ICEs containing a 

Fc domain. The Non-IgG-Like BiTE is made up of a scFv targeting a leukemia-specific 

antigen (LSA) linked to a scFv targeting a T cell antigen, typically CD3. A Non-IgG-Like 

DART bispecific agent consists of variable domains of two antigen binding specificities 

linked to two independent polypeptide chains connected noncovalently. There is also 

an additional covalent linker in the form of a disulfide bridge, enhancing stability and 

promoting efficient crosslinking of AML and T cells. The TandAb is a Non-IgG-Like 

bispecific ICE with improved avidity through its bivalent binding of both the LSA and T 

cell antigen. The IgG-Like ICE class has superior stability via its Fc domain which can 

bind neonatal Fc receptors in vascular endothelial cells, preventing lysosomal degradation 

of these bsAbs. This class contains the heterodimeric Asymmetric IgGs which appear 

similar to conventional homodimeric IgG antibodies but have two structurally different Fab 

arms which bind to LSAs and T cell antigens respectively. The IgG-Like BiTE (Half Life 
Extended) is simply a BiTE fused to an IgG Fc domain to improve serum half-life of 
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the compound. The IgG-Like Fab-scFv-Fc is a heterodimeric antibody-like protein with an 

LSA-targeting Fab arm and T cell antigen-targeting scFv fused to a Fc domain. And the 

IgG-Like scFv2-Fc-scFv2 and IgG(H)-scFv2 bispecifics each leverage bivalent formats to 

increase avidity to their target antigens. The former incorporates two LSA-targeting scFvs 

fused to the N-terminus and two T cell antigen-targeting scFvs fused to the C-terminus 

of an IgG Fc domain, while the latter is a canonical IgG antibody fused to two T cell 

antigen-targeting scFvs at the Fc C-terminus. Created with BioRender.com.
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Table 1.

Summary of selected antibody-based therapeutics for AML in active or inactive trials.

Target Therapeutic Sponsor Therapeutic 
Class

Development 
Status

Antibody 
Format

Natl. Clinical 
Trial ID(s)

CD33 Gemtuzumab 
ozogamicin 
(GO)

Pfizer ADC (anti-
CD33 mAb X 
calicheamicin)

In clinical use 
(marketed 
product)

Human IgG4 NCT00927498, 
NCT00372593

Vadastuximab 
talirine (SGN-
CD33A)

Seagen, Inc. ADC (anti-
CD33 mAb X 
PBD dimer)

Phase 3 
(terminated)

Human IgG1 NCT01902329, 
NCT02785900

Lintuzumab 
(SGN-33)

Seagen, Inc. mAb Phase 2b/3 
(terminated)

Human IgG1 NCT00528333, 
NCT00006045

225Ac-
Lintuzumab

Actinium 
Pharma., Inc.

mAb labeled 
with α-emitting 
radionuclide

Phase 1/2 Human IgG1 
conjugated to 
225Ac, a 
radionuclide 
yielding 4 α-
particles

NCT03867682

BI 836858 Boehringer 
Ingelheim 
Pharma., Inc.

mAb 
(afucosylated 
Fc, ADCC-
enhanced)

Phase 1/2 Human IgG1 NCT01690624, 
NCT02632721, 
NCT03013998

CD123 Talacotuzumab 
(CSL362)

Janssen mAb Phase 2/3 
(terminated)

Human IgG1 NCT02472145, 
NCT01632852

Pivekimab 
sunirine 
(IMGN632)

ImmunoGen, 
Inc. / Jazz 
Pharma., Inc.

ADC (anti-
CD123 mAb X 
IGN)

Phase 1/2 Human IgG1 NCT04086264

Tagraxofusp 
(SL-401)

Stemline 
Therapeutics, 
Inc.

ADC-like fusion 
protein (IL-3 X 
diptheria toxin)

Phase 1b/2 IL-3 fused to 
truncated 
diptheria toxin 
payload

NCT03113643, 
NCT05442216

CD47 / SIRPα Magrolimab 
(5F9)

Gilead mAb Phase 3 Human IgG4 NCT02678338, 
NCT03248479, 
NCT04435691, 
NCT04778397, 
NCT05079230

Evorpacept 
(ALX148)

ALX Oncology, 
Inc.

Fusion protein 
(SIRPα domains 
X inactive IgG1 
Fc)

Phase 1/2 Decoy SIRPα 
domains bound 
to Fc-silenced 
IgG1 Fc

NCT04755244

TTI-622 Pfizer Fusion protein 
(SIRPα domains 
X IgG4 Fc)

Phase 1b Decoy SIRPα 
domains bound 
to IgG4 Fc

NCT03530683

Anzurstobart 
(CC-95251)

Celgene / Bristol 
Myers Squibb

mAb Phase 1 Human IgG1 
with K322A 
CDC-silencing 
mutation

NCT03783403, 
NCT05168202

CC-90002 Celgene mAb Phase 1 
(terminated)

Human IgG4 
with S228P and 
L235E 
mutations

NCT02641002

CD70 Cusatuzumab 
(ARGX-110)

Argenx / Janssen mAb 
(afucosylated 
Fc, ADCC-
enhanced)

Phase 2 Human IgG1 NCT03030612, 
NCT04150887, 
NCT04023526

CLL-1 DCLL9718S Genentech ADC (anti-
CLL-1 mAb X 
PBD dimer)

Phase 1 Human IgG1 NCT03298516
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Target Therapeutic Sponsor Therapeutic 
Class

Development 
Status

Antibody 
Format

Natl. Clinical 
Trial ID(s)

CD45 Apamistamab-
I-131 (Iomab-
B)

Actinium 
Pharma., Inc.

Radiolabeled 
mAb (for HSCT 
pre-
conditioning)

Phase 3 Human IgG1ҡ NCT02665065

TIM-3 Sabatolimab 
(MBG453)

Novartis mAb Phase 1b/2 Human IgG4ҡ 
with S228P 
mutation to 
prevent Fab-arm 
exchange

NCT03066648, 
NCT04150029

CD38 Daratumumab Genmab / 
Janssen

mAb Phase 2 Human IgG1ҡ NCT03067571

Isatuximab ImmunoGen, 
Inc. / Sanofi

mAb Phase 2 Human IgG1 NCT03860844

FLT-3 FLYSYN SYNIMMUNE 
GmbH

mAb (ADCC-
enhanced)

Phase 1 
(completed)

Human IgG1 
with S239D-
I332E mutations 
to enhance 
affinity to 
FcγRIIIa

NCT02789254

CD157 MEN1112 / 
OBT357

Menarini Group / 
Oxford 
BioTherapeutics

mAb 
(afucosylated 
Fc, ADCC-
enhanced)

Phase 1 
(terminated)

Human IgG1 NCT02353143

CD200 Samalizumab 
(ALXN6000)

Alexion Pharma., 
Inc.

mAb Phase 1b/2 
(terminated)

Human 
IgG2/4ҡ

NCT03013998

LILRB4 IO-202 Immune-Onc 
Therapeutics, 
Inc.

mAb Phase 1 Human IgG1 NCT04372433

MK-0482 Merck mAb Phase 1 Human IgG4 NCT05038800

CD33xCD3 AMG 330 Amgen BiTE Phase 1 
(terminated)

Tandem scFv NCT02520427

AMG 673 Amgen BiTE (Half-Life 
Extended)

Phase 1 
(terminated)

Tandem scFv 
fused to IgG1 
Fc domain

NCT03224819

Vixtimotamab 
(AMV564)

Amphivena 
Therapeutics, 
Inc.

Tandem diabody Phase 1/2 Tandem diabody NCT03144245

JNJ-67571244 Janssen Asymmetric IgG 
(Duobody)

Phase 1 Asymmetric 
IgG4 with 
αCD33 and 
αCD3 Fab arms 
and Fc with 
S228P-F234A-
L235A 
mutations

NCT03915379

CD123xCD3 Vibecotamab 
(XmAb14045, 
SQZ622)

Xencor Fab-scFv-Fc 
bispecific

Phase 2 αCD123 Fab-
αCD3 scFv 
fused to 
XmAb® 

bispecific Fc 
domain

NCT02730312, 
NCT05285813

MGD024
Flotetuzumab / 
MGD006

MacroGenics, 
Inc.

DART Phase 1/2 Diabody with 
stabilizing 
disulfide at VH-
VL C-terminus, 
MGD024 fused 
to IgG1 Fc with 
L234A-L235A 
mutations

NCT02152956, 
NCT05362773
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Target Therapeutic Sponsor Therapeutic 
Class

Development 
Status

Antibody 
Format

Natl. Clinical 
Trial ID(s)

APVO436 Aptevo 
Therapeutics, 
Inc.

scFv-Fc-scFv 
bispecific 
(ADAPTIR)

Phase 1b Human IgG1 Fc 
fused to 
αCD123 scFvs 
at N-terminus 
and αCD3 
scFvs at C-
terminus with 
L234A-L235A-
G237A-K322A 
mutations

NCT03647800

CD47xCD40 SL-172154 Shattuck Labs, 
Inc.

Fusion protein 
(Similar to 
IgG(H)-scFv2 
bispecific)

Phase 1 Human IgG4 Fc 
fused to decoy 
SIRPα domains 
at hinge and 
decoy CD40L 
domains at C-
terminus

NCT05275439

CD47×4–1BB DSP107 KAHR Medical Fusion protein 
(Three SIRPα 
domains X 4–
1BBL domain)

Phase 1 Three decoy 
SIRPα domains 
fused directly to 
4–1BBL 
domain

NCT04937166

CLL-1xCD3 Tepoditamab 
(MCLA-117)

Merus N.V. Asymmetric IgG 
(Biclonic)

Phase 1
(terminated)

Human IgG1 
with hetero VH 

and common VL

NCT03038230

FLT-3xCD3 AMG 427 Amgen BiTE (Half-Life 
Extended)

Phase 1 Tandem scFv 
fused to IgG1 
Fc domain

NCT03541369

CLN-049 Cullinan 
Oncology, Inc.

IgG(H)-scFv2 
bispecific

Phase 1 Human IgG1 
fused to αCD3 
scFvs at Fc C-
terminus with 
C226S-C229S-
E233P-L234V-
L235A-ΔG236-
D265G-N297Q-
A327Q-A330S 
mutations

NCT05143996

CD33xCD16xIL-15R GTB3650 GT Biopharma, 
Inc.

TriKE Phase 1b αCD33 scFv 
and human 
IL-15 fused to 
αCD16 heavy 
chain single-
domain 
antibody (sdAb)

NCT03214666
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