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Simple Summary: Acute myeloid leukemia (AML) is a difficult-to-treat cancer, and chemotherapy
can cause severe side effects. Patients may need stem cell transplantation, but this is challenging
and not always successful. Even with intensive treatment, some patients may relapse or develop a
refractory disease. Genetically modifying some white blood cells, called lymphocytes, with specific
molecules called chimeric antigen receptors (CARs) can generate new therapies that can target AML.
In this study, we gather all current data from the literature regarding the clinical testing of CAR-based
therapies against AML. Moreover, we analyze the limitations of the most established therapy, CAR-T
cells (T-lymphocytes with CARs). Additionally, we provide some insights into the potential benefits
of using alternative lymphocytes, such as the CAR-NK cells (natural killer cells with CARs).

Abstract: Acute myeloid leukemia (AML) is a devastating disease. Intensive chemotherapy is the
mainstay of treatment but results in debilitating toxicities. Moreover, many treated patients will
eventually require hematopoietic stem cell transplantation (HSCT) for disease control, which is
the only potentially curative but challenging option. Ultimately, a subset of patients will relapse
or have refractory disease, posing a huge challenge to further therapeutic decisions. Targeted
immunotherapies hold promise for relapsed/refractory (r/r) malignancies by directing the immune
system against cancer. Chimeric antigen receptors (CARs) are important components of targeted
immunotherapy. Indeed, CAR-T cells have achieved unprecedented success against r/r CD19+
malignancies. However, CAR-T cells have only achieved modest outcomes in clinical studies on r/r
AML. Natural killer (NK) cells have innate anti-AML functionality and can be engineered with CARs
to improve their antitumor response. CAR-NKs are associated with lower toxicities than CAR-T
cells; however, their clinical efficacy against AML has not been extensively investigated. In this
review, we cite the results from clinical studies of CAR-T cells in AML and describe their limitations
and safety concerns. Moreover, we depict the clinical and preclinical landscape of CAR used in
alternative immune cell platforms with a specific focus on CAR-NKs, providing insight into the
future optimization of AML.

Keywords: acute myeloid leukemia; chimeric antigen receptors; CAR-T cells; CAR-NK cells; adoptive
cell therapy

1. Introduction

Acute myeloid leukemia (AML) is a malignancy of bone marrow (BM) characterized
by differentiation arrest and the uncontrolled proliferation of myeloid progenitors, known
as blasts [1]. AML is the most common form of leukemia in adults and the second most
common in children, with an overall 5-year survival rate of 30.5% [2]. Intensive chemother-
apeutic regimens still make up the backbone and frontline of treatment protocols for the
induction and maintenance of remission [3]. However, cytotoxic therapy is associated
with severe toxicities, and a significant subset of patients are refractory to treatment or
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eventually relapse [4]. Refractory disease is the failure to achieve complete remission (CR;
defined as BM blasts < 5%, absence of peripheral blasts, and extramedullary disease) or
CR with incomplete hematologic recovery (CRi; defined as CR with residual cytopenias)
after two cycles of induction therapy [3]. On the other hand, relapsed disease is defined as
the reappearance of blasts in BM (>5%), peripheral blood (PB), or extramedullary sites in
patients who had previously achieved CR [3]. The prognosis of relapsed /refractory (r/r)
AML is extremely poor with an overall reported 5-year survival rate of less than 15% [5]. To
date, allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the only potentially
curative option in high-risk AML, including r/r AML. However, 30-40% of patients treated
with HSCT relapse, depriving clinicians from further options [6,7]. Moreover, allo-HSCT
is typically reserved for patients with low disease burden since high disease burden is
associated with an increased risk of graft failure and relapse. Therefore, patients with
chemorefractory disease require additional therapies to decrease the disease burden before
allo-HSCT. Targeted therapies are being investigated as primary or adjunct therapies to
achieve and maintain remission in high-risk AML [8].

Chimeric antigen receptors (CARs) are engineered receptors that can selectively target
specific antigens and are composed of different serially fused molecular domains [9]. More
specifically, the CAR’s extracellular moiety, the single-chain variable fragment, recognizes
and binds to the antigen of interest; the hinge and transmembrane domains serve with
antigen-binding flexibility and cell-membrane anchoring, respectively, while the combi-
nation of intracellular domains is responsible for signal transmission and the triggering
of a specific cellular function (Figure 1) [10]. The genetic modification of immune cells
for CAR expression on their surface has been used in the context of targeted immune
therapies, primarily on T-cells, NK cells, and other immune effectors [11]. CAR-T cells
have achieved unprecedented success in CD19+ malignancies, which can be attributed
in a great extent to antigen selection, as CD19 is expressed at high levels on malignant
B lymphocytes with concurrent confined expression only in normal B cells and no other
healthy tissues [12]. Therefore, it is evident that CD19-CAR-T cells can eliminate can-
cer cells by targeting “on-tumor” CD19 and concurrently result in normal B-cell aplasia
(“on-target/ off-tumor effect”), which can be utilized as a tool for measuring CAR-T cell
persistence after desirable outcomes have been achieved [13-15]. The major CD19-specific
adverse event is the resultant hypogammaglobulinemia, which can be tackled with exoge-
nous immunoglobulin administration [16,17]. On the other hand, antigen selection has
been the most challenging aspect of CAR-based immune therapies in AML, with several
antigens already tested in the clinical setting. However, thus far, none of them satisfy the
ideal combination of universal expression in all AML cases, high levels on the surface of
AML blasts and leukemic stem cells (responsible for self-renewal of the cancer), and a
lack of expression in normal hematopoietic or endothelial tissues, with ongoing efforts to
identify more ideal antigen targets [18].

CAR-T cells have been widely investigated in several trials of AML, and important
conclusions have been drawn regarding their outcomes, safety, and limitations. Other
effector immune cells, such as CAR-engineered NK cells, have been extensively studied
in preclinical models of AML, and while they hold promise and unique advantages over
CAR-T cell therapy, their bedside application has been limited so far. In this review,
we discuss the current data on CAR-based immunotherapies in AML, with particular
emphasis on clinical studies of CAR-T cells and preclinical studies of CAR-NK cells and
other effectors. Moreover, we examine the limitations of each cellular immunotherapy
and propose solutions to increase the anti-AML efficacy of CAR-NK therapy concurrently
by taking advantage of the potential benefits of CAR-NK treatment, especially in the
safety profile.
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Figure 1. Chimeric Antigen Receptors (CARs) in Acute Myeloid Leukemia (AML). (A). Design of
CARs with single-chain variable fragment (scFv), hinge, transmembrane, and intracellular domains.
(B). Immune effectors that have been used in CAR-based immunotherapies of AML, including CAR-T
cells (with a3 T-cell receptor/TCR), CAR-NK cells, CAR-CIK (cytokine-induced killer) cells, and
CAR-y3T cells (with 5 TCR). (C). The most important antigens that have been utilized as CAR-target
in AML. Figure was created using BioRender.com (accessed on 28 May 2023).

2. CAR-T Cells in AML
2.1. Clinical Testing of CAR-T Cells in AML

Current clinical studies on CAR-T cells in AML have primarily focused on patients
with r/r disease, with the ultimate goal of bridging to HSCT (Table 1). The first clinical
study of CAR-T cells in AML was published by Ritchie et al., and targeted the Lewis Y
antigen, a fucosylated oligosaccharide [19]. Although the study showed trafficking of
CAR-T cells at sites of AML infiltration and persistence of CAR-T cells in vivo for up
to 10 months without serious acute toxicities, there were no clinical responses, and all
initial responders eventually experienced disease progression [19]. CD123, the x-chain of
IL3R, is a cell surface protein that is overexpressed in various hematological malignancies,
including AML blasts and LSCs [20]. Autologous anti-CD123 CAR-T cells have been used
in several studies, with short-lived clinical responses [21-23]. These studies have generally
demonstrated a low rate of serious adverse events and a low persistence of CAR-T cells.
Another study explored the effect of adding alemtuzumab, an anti-CD52 monoclonal
antibody, to the lymphodepleting regimen (LD) before infusing an allogeneic anti-CD123
CAR-T cell product with disrupted TRAC (to minimize graft-versus-host disease risk)
and CD52. The use of alemtuzumab in the LD led to a greater expansion of anti-CD123
CAR-T cells, but there were no differences in clinical efficacy compared to the control LD
group [24].

CLL-1 (also known as CLEC12A) is a transmembrane glycoprotein that is highly
expressed in acute myeloid leukemia (AML) blasts, leukemia stem cells (LSCs), and mono-
cytes but has low expression in normal hematopoietic cells [25]. This makes it a promising
target for chimeric antigen receptor (CAR) T-cell therapy. In a study by Zhang et al., CLL1-
CART cells were investigated in four pediatric patients with r/r AML, resulting in CR in
three out of four patients. However, all patients eventually succumbed to disease or HSCT
toxicity within 24 months [26]. In a follow-up phase I/II trial, the same research group
recruited eight pediatric patients with r/r AML, and six out of eight patients achieved CR,
with four out of six having a morphologic leukemia-free state (MLFS) or minimal residual
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disease (MRD) negativity. Eventually, five out of the six patients underwent HSCT, and
four of them remained disease-free until the end of the study. All patients experienced
grade 1-2 cytokine release syndrome (CRS); however, no immune effector cell-associated
neurotoxicity syndrome (ICANS) or other major organ adverse events were reported [27].
In another preliminary report, CLL1-CAR T cells showed durable CR in two of three pa-
tients with r/r AML before HSCT was performed [28]. A study in adult patients with r/r
AML also showed promising results, with CR achieved in six of ten patients (three with
MRD negativity and three with MRD positivity). Four of the six patients underwent HSCT
and remained alive and MRD-negative. One patient remained in the CR/MRD-negative
state without transplantation, while another patient died due to severe agranulocytosis
despite being MRD-negative. All treated patients developed severe pancytopenia and CRS
(high-grade in six of ten patients), but none reported neurotoxicity [29]. Overall, CLL1-CAR
T-cell studies have shown similar patterns of adverse events and meaningful responses,
with approximately half of the patients being bridged to HSCT.

CD33 is a protein expressed in 85-90% of AML blasts and LSCs, as well as in normal
myelopoiesis, specifically in early multilineage hematopoietic progenitor and more mature
myeloid cells, but not in stem cells or multipotent progenitor cells [30]. Due to the high
frequency and levels of CD33 expression, it has been proposed as a target for CAR-T cell
therapy. An early clinical trial with autologous CD33-CAR T cells in patients with refractory
AML did not show significant clinical responses, although CAR-T cell activity was noted
in two of three patients, as evidenced by cytokine release syndrome (CRS) [31]. Similarly,
CD33-CAR T cells in an adult patient with refractory AML induced a transient decrease
in BM blasts, but the disease eventually progressed [32]. Further investigation focused on
the dual targeting of CD33 and CLL1, as it has been reported that in approximately 67% of
AML cases, blasts co-express CLL1 and CD33 [33]. Liu et al., infused r/r AML patients with
a CLL1-CD33 compound CAR (cCAR)-T cell product after fludarabine/cyclophosphamide
pre-conditioning. Their preliminary data showed that eight out of ten patients achieved
MRD-negative CR, with seven of them eventually receiving HSCT, which was the primary
objective of the study [34]. However, high-grade pancytopenia was observed in all patients,
while CRS of varying degrees was noted in nine of the ten patients, and ICANS in five of
the ten patients.

CD7 is a transmembrane glycoprotein that is highly expressed in approximately one-
third of AML cases but not in normal myeloid cells [35]. T cells express CD7, which may
result in a fratricide effect if CAR-T cells targeting CD7 are infused into the patients [36].
Hu et al., conducted a study on CD7KO CD7-CAR-T in patients with CD7-positive hemato-
logic malignancies, including one patient with CD7-positive r/r AML who achieved CRi
and underwent allo-HSCT three months after CAR-T infusion [37]. Another approach is
to target MICA /MICB antigens on the surface of AML cells using NKG2D-CAR-T cells.
However, two preliminary studies and one completed clinical study have shown a lack
of substantial clinical efficacy of NKG2D-CAR T cells in r/r AML, which was associated
with poor in vivo persistence of CAR-T cells, possibly due to the fratricide effect of target-
ing MICA /MICB in CAR-T cells [38—40]. To overcome this issue, one study investigated
the knockdown of MICA /MICB in NKG2D-CAR T cells, which resulted in a relative
improvement in CAR-T cell engraftment [40].

The efficiency of CAR-T cells depends in a great extent on the persistence of these
immune effectors in the body [41]. The effective detection of the CAR in peripheral blood,
bone marrow, and CSF is pivotal for the monitoring of the clinical outcomes and toxicities
of patients treated with CAR-T cells, especially in the setting of clinical trials. There are
multiple ways to detect CAR-engineered T cells in the body. Genomic DNA can be isolated
from peripheral blood cells and used as a template for the determination of the quantity
of CAR-modified cells by calculating vector copy numbers with real-time quantitative
polymerase chain reaction (qQPCR) or digital PCR (dPCR) [42]. Moreover, CAR mRNA
can be isolated and quantified with transcriptomic analysis, such as RNA sequencing,
although it is less clinically popular than qPCR [42]. A good correlation of qPCR results
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has been shown for detection of the CAR-protein on the surface of T cells with flow
cytometry [42—44]. In a comprehensive review of the literature from Turicek et al., the
authors found that flow cytometry (used in around 43% of trials) and qPCR (used in
around 57%) were the most commonly employed methods of CAR detection [45]. The
authors also highlighted the need of universal approaches in detection techniques and
time points as well as in the reporting of quantitative data [45]. While B-cell aplasia has
been widely used to monitor the persistence of CD19-CAR-T cells, there is no such way to
define “functional persistence” in AML, which necessitates the optimization of detection
approaches for monitoring CAR-T cells in the blood.

Table 1. Completed CAR-T cell clinical studies with reported outcomes in relapsed/refractory
acute myeloid leukemia. SD: Stable disease, PD: progressive disease, CR: complete response, MLFS:
morphological leukemia-free state, N/A: information not available, KO: knock-out.

Target Antigen Phase CAR Construct/Genetic Modifications Reported Outcomes
Lewis Y I [19] Ritchie et al.: CD28-CD3( 1/4SD,3/4PD
I [21] Cummins et al.: 4-1BB-CD3( 5/5PD
CD123 I [22] Naik et al.: N/A 4/5PD,1/5CR
I [23] Budde et al.: CD28-CD3¢ 1/6 MLFS, 1/6 CR, 4/6 PD or SD
I [26] Zhang et al.: N/A 3/4 CR (eventually all succumbed to disease)
CLL-1 I [27] Zhang et al.: N/A 6/8 CR
: I [28] Buetal.: N/A 2/3CR
I [29] Jinetal.: N/A 6/10 CR
I [31] Tambaro et al.: 4-1BB-CD3( 3/3PD
CD33 I [32] Wang et al.: 4-1BB-CD3( 1/1PD
I [34] Liu et al.: compound CLL-1/CD33 CAR 8/10CR
CD7 I [37] Hu et al.: 4-1BB-CD3¢/CD7KO 1/1CR
MICA /MICB I [38] Baumeister et al.: NKG2D-CD3(¢ 7/7 PD or SD

2.2. Limitations of CAR-T Cell Therapy in AML
2.2.1. Toxicities and Manufacturing Hurdles

The effectiveness and feasibility of CAR-T cells for AML treatment are limited by
various factors. One of the major limitations of any CAR-based cellular therapy for AML is
the lack of AML-specific antigens, as the antigens expressed on AML are also present at
various frequencies and densities in normal tissues, such as hematopoietic and endothelial
tissues [46]. This issue is further complicated when using CAR-T cells because T cells
persist longer in the body than other immune effectors. This can increase the likelihood of
prolonged myeloablation after CAR-T cell infusion due to significant “on-target/off-tumor”
toxicity [17]. Apart from protracted cytopenia, CAR-T cells have been associated with
serious toxicities in clinical studies of AML, as mentioned above. CRS is a potentially
life-threatening systemic inflammatory response that can occur following CAR-T cell
infusion [17,47]. It is characterized by fever, hypotension, tachycardia, respiratory distress,
and multiorgan dysfunction. CRS occurs due to the activation of CAR-T cells, which
release cytokines such as IL-6, IFN-y, and TNF-«, leading to the activation of macrophages.
ICANS is a CAR-T-associated neurological toxicity, mediated by cytokine release and
characterized by confusion, delirium, seizures, and cerebral edema [17,47]. CAR-associated
hemophagocytic lymphohistiocytosis (carHLH) is a rare and potentially life-threatening
toxicity that is mediated by cytokine release and is characterized by fever, cytopenia,
hypertriglyceridemia, and high ferritin levels [48]. Another challenge is the manufacturing
of CAR-T cells for AML, primarily because of the need for autologous CAR-T cells to
prevent GVHD [49]. The process of collecting, modifying, and expanding a patient’s T cells
can be time-consuming and complicated, especially in the case of aggressive cancers such
as AML [50]. Additionally, autologous CAR-T cells are often influenced by the patient’s
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age, previous treatments (usually heavily pretreated), and disease stage (usually decided
in r/r disease), which can affect the efficacy of the therapy. To address some of these
challenges, allogeneic CAR-T cell products and strategies are being developed, including
knockout of the T-cell receptor (TCR) or the engineering of gamma-delta (y0) T cells [51,52].
However, a small percentage of TCR-positive T cells can persist after KO and cause GVHD,
whereas certain y6-T cell subsets can have a tumor facilitating effect [53,54]. Therefore,
these strategies require further investigation before clinical application.

2.2.2. Antigen Downregulation and Immune Suppression from AML

Target antigen loss or downregulation is a common mechanism employed by AML
blasts to evade immune surveillance and is another key limitation of CAR-T cell therapy in
AML. CAR-T cells rely exclusively on the recognition and binding of the CAR-antigen in
order to exert their cytotoxic effects [55]. Therefore, potential antigen downregulation or
loss (which is commonly seen with CD19 CAR) can render CAR-T cells ineffective unless
multiple antigens are targeted, which is challenging in the limited antigenic repertoire
of AML [56]. Moreover, AML cells can upregulate inhibitory ligands that bind to the
checkpoint receptors in CAR-T cells, such as PD-1, TIM-3, CTLA-4, TIGIT, and GITR, and
prevent their function by inducing exhaustion or anergy [57-61]. Another mechanism
is the expression of immune-modulating enzymes from AML blasts, such as arginase
II, indoleamine 2,3 dioxygenase, and ectonucleotidases, which lead to the accumulation
of immunosuppressive metabolites, such as adenosine and kynurenine, and then the
suppression of CAR-T cell proliferation and effector functions [46]. A similar mechanism
of immune evasion involves AML cells that induce the accumulation of regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs) in the tumor microenvironment,
which can inhibit CAR-T cell activity through direct cell-to-cell contact, metabolite secretion
(including reactive oxygen species and nitric oxide), or cytokine-mediated suppression
(including IL10 and TGF-{3) [46]. Therefore, it is essential to develop novel strategies to
overcome these immunosuppressive mechanisms and improve the efficacy of CAR-T cell
therapy in AML. Combinational therapies of CAR-T cells with checkpoint inhibitors, small
molecules that directly target immunosuppressive enzymes, or immune-modulating cell
populations have been investigated in the preclinical setting of AML but have not yet been
launched in a clinical study.

All the major limitations of CAR-T cells in AML, that are discussed, are presented in
Table 2.

Table 2. Major limitations of CAR-T therapy in acute myeloid leukemia.

Lack of AML-specific antigens [46].

Toxicities (cytokine release syndrome, immune effector cell-associated neurotoxicity syndrome,
“on-target/off-tumor” toxicities, CAR-associated hemophagocytic lymphohistiocytosis) [17,47].

Need for autologous cell source (increased time and cost of manufacture for an aggressive neoplasm such as
AML) [49,50].

Potential for targeted antigen downregulation from AML [56].

AML-induced immunosuppression [46,57-61].

3. Current State of CAR-NK Therapy in AML
3.1. Preclinical and Clinical Studies of CAR-NKs in AML

The challenges associated with CAR-T cell therapy in AML have shifted the focus
to new approaches, such as CAR-NK cell therapy, which has gained momentum as a
promising alternative. CAR-based immunotherapies for AML have used various sources
of NK cells, including the NK cancer cell line NK92 and peripheral blood-derived NK cells.
In the first completed clinical trial of CAR-NK cells for AML, NK92 MI cells engineered
with CD33-CAR and constitutively secreting human IL2 were utilized in three patients
with r/r AML co-managed with salvage chemotherapy (NCT02944162) [62]. Although no
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toxicity related to CAR-NK92 therapy was observed, no objective responses were achieved
after three doses of CAR-NK92 cells at a maximum dose of 5 x 107 cells [62]. Several
preclinical studies have utilized NK92 cell lines engineered with various CARs. NK92
cells engineered with a CD276-CAR (with CD276 found to be expressed at high levels in
AML cell lines) and further edited with CRISPR/Cas9 knockout of the inhibitory receptors
CBLB, NKG2A, and TIGIT showed enhanced in vitro cytotoxicity against various AML cell
lines [63]. Other groups have utilized CAR-NK92 cells to redirect the CD123 antigen, tested
in AML cell-line-engrafted mice or patient-derived xenotransplantation AML models, and
showed in vitro efficacy and systemic secretion of inflammatory cytokines, such as IFN-y,
but only modest AML control in vivo, mainly due to relatively short NK persistence and
limited organ tropism [64]. CAR-NK92 cells have also been tested against mesothelin on
the surface of AML cells demonstrating antitumor functionality [65]. The NK92 cell line
provides a CAR-cellular platform that can easily be expanded and genetically manipulated;
however, a cancerous cell line requires pre-infusion irradiation that can hinder its in vivo
persistence and activity [11]. NK92 also lacks important activating NK cell receptors that
can drive NK cell anticancer activity (such as CD16 and NKp44), compared to NK cells
derived from peripheral blood [11].

Peripheral blood-derived NK cells (PB-NK) have been extensively studied as a source
of CAR-NK cells for AML therapy because of their accessibility and ability to expand
in vitro. PB-NK cells possess various activated receptors that render them mature, licensed,
and highly cytotoxic [11]. CD33 and CD123 are antigens commonly targeted by PB-derived
CAR-NK cells in AML. As discussed above, CD33 is highly expressed in AML and normal
hematopoietic tissues [30]. Albinger et al., developed CD33 CAR-NK cells that exhibited
enhanced in vitro cytotoxicity against an AML cell line and primary samples and increased
leukemia control in an AML xenograft model after three infusions without any identifiable
toxicities [66]. KO of the NKG2A inhibitory receptor in these cells further enhanced their
anti-AML benefit [67]. Kararoudi et al., used CRISPR/Cas9 site-directed gene insertion
to generate CD33.CAR-NK cells with different transmembrane and intracellular domains,
showing antileukemic activity in vitro [68]. Garrison et al., developed the Senti-202, a CAR-
NK cell product expressing simultaneously an activating CAR targeting CD33 and/or FLT3
on AML cells, an inhibitory anti-endomucin (EMCN) CAR that protects EMCN+ hematopoi-
etic cells, and IL15 [69]. Senti-202 exhibited improved persistence and leukemic killing
in vitro and in vivo as well as reduced toxicity against CD33+FTL3+ECMN+ hematopoietic
stem and progenitor cells.

Similar to CAR-T cells, CD123 has been investigated as a target in studies of CAR-NK
cells in AML [70,71]. Our group tested a variety of CARs directed against CD123 with
different intracellular combinations and found the 2B4.CD3( CAR to be the most optimal
for CAR-NK activation against AML [71]. When further engineered with constitutively se-
creted IL15, CD123.CAR-NK cells exhibit increased anti-AML functionality and persistence
in vivo. However, the IL15-secreting CD123.CAR-NK cells caused lethal systemic toxicity
in AML xenografts, which was associated with the hyperproliferation of CAR-NK cells.
Multiple infusions of CD123.CAR-NK cells without additional cytokines led to better AML
control without systemic toxicity. As previously discussed, CD123 can also be normally
expressed in bone marrow progenitor cells and endothelial cells, raising the concern for
“on-target/off-tumor” toxicity. Carouso et al., compared the toxicity profiles of CD123.CAR-
T and CD123.CAR-NK cells in mice engrafted with human hematopoietic cells and human
endothelial tissues [72]. CD123.CAR-T cells were associated with significant myeloablation
and increased infiltration and destruction of vessels, whereas their CAR-NK counterparts
exhibited negligible endothelial toxicity and no ablation of hematopoiesis. Simultaneously,
the CD123.CAR-NK cells were still capable of eliminating primary AML blasts in vitro
and controlling the disease in AML xenograft models. Another study from Soldierer et al.,
revealed an optimal way of enriching CAR-NK cell isolates by using CD34 microbeads
directed to the CD34 hinge on CAR-NK cells and subsequently evaluated both CD33-
and CD123-based CARs in primary human NK cells, observing enhanced killing capacity
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against different AML cell lines and primary AML blasts in vitro [72]. While the addition
of IL15 showed increased efficacy of CAR-NK cells in an ALL-xenograft model, no in vivo
AML data were examined in this study. An additional approach to IL15 secretion is to
stimulate CD123 expression. CAR-NK cell expansion is the rimiducid-based dimerization
of inducible MyD88/CD40, which led to improved control of AML in vivo [73].

Recent advances in CAR-NK cell therapies have explored additional targets beyond
CD123 and CD33 in preclinical models of anti-AML therapy. NK-cell-specific CARs have
been developed with an extracellular moiety of the NK group 2D (NKG2D) receptor, an
important NK-cell activation receptor that recognizes stress ligands on the surface of tumor
cells and drives NK cell cytotoxicity and cytokine production [74]. Du et al., transfected
PB-NK cells with genes encoding NKG2D CAR and hIL15. While NKG2D.CAR-NK cells
demonstrated in vitro anti-AML cytotoxicity, the simultaneous ectopic production of hIL15
and three CAR-NK injections was necessary for sustaining the in vivo persistence and
augmenting the in vivo anti-AML efficacy of NKG2D.CAR-NK cells [75]. The observed
lack of IL15-mediated toxicity in this study may be due to the lower levels of secreted IL15.
A comparative analysis of NKG2D CAR showed that CAR-T cells are more efficacious
than CAR-NK cells against AML cells [76]. Another target is CD70, which, as mentioned
above, is expressed in AML blasts and LSCs [77]. Choi et al., used CRISPR/Cas9 to KO
CD70 in NK cells engineered with CD70.CAR and confirmed their in vitro efficacy against
CD70+ tumor cells [78]. Gurney et al., followed a similar approach to target primary AML
blasts in vitro using CAR-NK cells expressing an affinity-optimized CD38 CAR and further
engineered with CD38 knockdown, given its expression in both AML and expanded NK
cells [79,80]. CRISPR/Cas9 has mainly been used to KO the expression of target antigens
in CAR-NK cells and abrogate the fratricide effect. However, Gurney et al., knocked out
the checkpoint CISH gene from CLL-1-directed CAR-NK cells in an attempt to enhance
CAR-NK anti-AML cytotoxicity, based on prior NK-cell studies that exhibited increased
functionality on CISH KO NK cells [81]. Finally, cytokine-induced memory-like (CIML)
NK cells, which are peripheral blood NK cells differentiated after brief pre-activation with
IL12, IL15, and IL18, have been shown to exhibit antileukemic activity [82]. Dong et al.,
engineered CIML NK cells with a TCR-like CAR, recognizing a neoepitope derived from the
cytosolic oncogenic nucleophosphmin-1 (NPM1c) presented by HLA-A2. These CAR-CIML
NK cells can specifically target HLA-A2+/NPM1lc+ AML cells in xenograft models [83].

CAR-NK cells generated by additional sources have been used in AML but are less
extensive than the above-mentioned sources. Umbilical cord blood (UCB)-derived CAR-NK
cells have been evaluated in a clinical trial of CD19+ malignancies, but only in vitro against
CD123 and mesothelin on the surface of AML [84-86]. CAR-NK cells manufactured from
induced pluripotent stem cells (iPSCs) have the feasibility of multiple genetic modifica-
tions during a very undifferentiated stage [11]. Two groups have engineered CD36KO
iPSC-derived NKs with CARs (targeting NKG2D ligands or CD33), IL15 molecules, and
a high-affinity, non-cleavable version of CD16 (hnCD16) capable of exerting antibody-
dependent cell-mediated cytotoxicity (ADCC) mediated by a CD33 engager molecule or
daratumumab [87,88]. All the preclinical studies of CAR-NK cells in AML are presented in
Table 3.

Thus far, there are only limited data for the clinical efficacy of CAR-NK cells in
AML. Only two phase I studies targeting CD33 in r/r AML have been completed, which
showed safety but no objective responses (Table 4) [62,89]. The current clinical trials
(active/recruiting) that utilize CAR-NK cells in AML are depicted in Table 5.
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Table 3. Preclinical studies of CAR-NK cells in acute myeloid leukemia. PB: peripheral blood, CIML:
cytokine-induced memory-like (CIML), iPSC: induced pluripotent stem cells, UCB: umbilical cord
blood, KO: knock-out, KD: knock-down, hn: high-affinity, non-cleavable, FR: fusion-receptor, s:
secretory, mb: membrane-bound, TriKE: tri-specific killer engager, N/A: information not available.

Intracellular CAR Additional Genetic

Targeted Antigen Study NK Source Domains Modifications Notes
CRISPR/Cas9
. 4-1BB-CD3¢ In [67] NKG2A KO FLT3 and CD33
[[6668?2 Albinger et 2l o 41BB-CD3( and FLT3-CAR, hIL15, CARS activating,
CD33 (6] e B 2B4-CD3( EMCN EMCN CAR
(551 Wons ot al PsC N/A hnCD16, mbIL15-FR, inhibitory
getak ! N/A CD38KO Addition of
daratumumab
[64] Morgan et al. NK-92 chasa /Bf'cm ¢ §IL15
[70] Kloss et al. PB 2B4-CD3C and sIL15 Moreover, CARs with
D123 [71] Christodoulou et al. PB L BB, CD“;& sIL15, inducible DAP10, FceRly
[72] Carouso et al. PB 41BB-CD3(C MyD88/CD40, Comparing CAR-T
[73] Wang et al. PB CD3¢ iCaspase 9 and CAR-NK
[86] Kerbauy et al. UCB CD28-CD3¢ sIL15, iCaspase 9
CLL-1 [77] Gurnley et al. PB N/A CISH KO CRISPR/Cas9
CD70 [78] Choi et al. PB N/A sIL15, CD70 KO CRISPR/Cas9
CD38 [80] Gurnley et al. PB CD28-CD3¢ CD38KD CRISPR/Cas9
[75] Du et al. PB 4-1BB-D3C sIL15 Com%agﬂ_cl\ﬁfm
NKG2D ligands [76] Lelvas et al. PB 4-1BB-CD3( hnCD16, mbIL15-FR, ddition of
[87] Davis et al. iPSC N/A CD38KO CD16-CD33 TriKE
mesothelin [65] Tang et al. NK-92 N/A
NPMlc [83] Dong et al. CIML 4-1BB-CD3¢ mblIL15-FR
Table 4. Completed CAR-NK cell clinical studies with reported outcomes in relapsed/refractory
acute myeloid leukemia. PD: progressive disease, CR: complete response, RD: relapsed disease, PB:
peripheral blood, N/A: information not available.
. CAR Construct/Geneti
Target Antigen Phase NK Cell Source onstructii>enetic Reported Outcomes
Modifications
CD33 1 NK92 [62] Tang et al.: N/A 3/3 PD.
1 PB [89] Huang et al.: N/A 4/10 PD, 4/10 RD after CR, 2/10 CR
Table 5. Active/recruiting CAR-NK cell trials in acute myeloid leukemia. r/r: relapsed/refractory,
AML: acute myeloid leukemia, MDS: myelodysplastic syndrome, iPSCs: induced pluripotent
stem cells.
NCT Identifier Phase NK Cell Source Target Antigen CAR]S[on.st.ru Cflceneﬁc Disease Location
odifications
The 5th Medical
Center of Chinese
NCT05574608 Unknown CD123 Unknown CAR design r/r AML PLA General
Hospital, Beijing,
China
Wuxi People’s
NCT05215015 Unknown CD33, CLL-1 Unknown CAR design r/r AML Hospital, Wuxi,
China
Peripheral blood of - r/r AML .
NCT04623944 haplo-matched . NKG2D-OX40-CD3¢ - intermediate, Multicenter, Nkarta
[90] related. or unrelat’e d NKG2D ligands Additional modification _ high and very Inc., San Fransisco,

membrane-bound IL15 CA, USA

donors high-risk r/r

MDS
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Table 5. Cont.

NCT Identifier Phase NK Cell Source Target Antigen CAR Con.st.r ucf/Genetic Disease Location
Modifications
Hebei Yanda Lu
NCT05247957 I Cord blood NKG2D ligands Unknown CAR design r/r AML Paopel Hospital,
angfang City,
China
Xinqgiao Hospital of
NCT05008575 I Unknown CD33 Unknown CAR design r/r AML Chonggqing,
Chongqing, China
Unknown CAR design X
Additional modifications Institute of
NCT05601466 high-affinit Hematology &
and . - gh-attmity, Blood Diseases
NCT05665075 I Human iPSCs CDs3 non-cleavable CD16 r/r AML Hospital, Zhejiang
(58] (hnCD16) University,
- secretory IL-15 Hangzhou, China
- CD38 knock-out
Unknown CAR design - r/r B-Cell M.D. Anderson
NCT05092451 /1 Cord blood CD70 Additional modification Lymphoma Cancer Center,
secretory IL15 - r/r MDS Houston, TX, USA

- r/r AML

3.2. Advantages, Challenges, and Future Direction of CAR-NK Cell Therapy in AML

CAR-NK cells have multifaceted advantages over CAR-T cells in this context. One of
the most significant advantages is the ability to use allogeneic sources of CAR-NK cells,
which provides a potential “off-the-shelf” option for patients with aggressive neoplasms
such as AML [91]. This approach has the added benefit of being readily available and
does not require the time-consuming process of personalized manufacturing. Additionally,
CAR-NK cells are inherently safer than CAR-T cells, as they do not carry the risk of graft-
vs.-host disease, cytokine release syndrome, immune effector cell-associated neurotoxicity
syndrome, or CAR-T cell-associated hemophagocytic lymphohistiocytosis [85]. Moreover,
CAR-NK cells have a shorter lifespan than CAR-T cells, which can be advantageous in
reducing the risk of “on-target/off-tumor” toxicity in tumors where the targeted antigens
are also expressed in lower levels in normal tissues, such as AML [92]. Therefore, the
use of CAR-NK cells in AML holds great promise and is an area of active research and
clinical development.

On the other hand, despite their potential benefits, CAR-NK application in AML has
several limitations. One major challenge is their short in vivo persistence, which makes the
long-term immune surveillance difficult [71]. Immune surveillance is necessary for AML
to prevent the relapse of residual LSCs, giving rise to a new generation of blasts. While
additional modifications with cytokines can potentially address this issue, there is also a
risk of inducing systemic toxicity, as we discussed previously [71]. It is possible that the
most optimal strategy for the utilization of CAR-NK cells in AML is multiple infusions in
a timeline individualized for every patient. Multiple infusions of CAR-NK cells require
rigorous expansion and storage in cell banks. The in vitro expansion of CAR-NK cells to
clinical-grade numbers is another challenge. Currently, NK cells mostly rely on feeder
cells for expansion, which can limit their clinical applications [93]. Bead-based cytokine
support has been developed and has the potential to solve this problem. Additionally,
despite the relative plethora of preclinical studies of CAR-NKs in AML, only a few studies
have been conducted at the bedside, which have shown overall unsatisfactory results in
r/r AML, as described above. Apart from the reasons indicated earlier, this can also be
attributed to the immunosuppressive effects on NK and CAR-NK cells. AML cells can alter
the expression of ligands of NK-cell activation receptors, resulting in decreased targeting
or the downmodulation of activating receptors [94-96]. Furthermore, AML can express
molecules that trigger the downregulation of activating receptors and upregulation of
ligands for inhibitory receptors or checkpoint molecules such as PD-1 and TIM3 [59,97-99].
Additionally, the hypoxic, glucose, and amino-acid-deprived tumor microenvironment
(TME) of AML produces metabolites such as adenosine and suppressive cytokines such as
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IL10, IL6, and TGE-3, which all contribute to unfavorable metabolism and the suppression
of CAR-NK cell activity [100]. To overcome these immunosuppressive effects, novel
approaches are being investigated to target the metabolic regulation of CAR-NK cells (with
cytokines or CISH deletion [101]), modulate the TME, or use combinations of CAR-NK
cells with other immunomodulatory drugs or agents that reverse checkpoint inhibition.
These strategies can enhance CAR-NK cell function and improve their therapeutic efficacy
against AML.

4. Other CAR-Engineered Immune Effectors in AML

Apart from T lymphocytes and NK cells, other immune effectors have been evalu-
ated for CAR-based strategies in AML. Cytokine-induced killer (CIK) cells are a special
subtype of CD8+ T lymphocytes generated by the ex vivo incubation of peripheral blood
mononuclear cells with IL2, anti-CD3, and IFNy, which possess mixed characteristics
of T and NK cells. Several studies have shown that CD33- and CD123-directed CARs
engineered on CIK cells have efficacy against AML in vitro and in vivo, but with increased
toxicity in hematopoietic tissues when targeting CD33 compared to CD123 [102-106]. To
address this, Perriello et al., developed a dual CAR approach with a first-generation acti-
vating CD123.CAR and costimulatory CD33.CAR without activating domains to maintain
anti-AML efficacy but circumventing anti-CD33-mediated toxicity [104]. Circosta et al.,
targeted the variant isoform 6 of the hyaluronic acid receptor CD44 (CD44v6), which is
overexpressed in AML, and showed that CAR.CIK cells displayed enhanced leukemic
killing in vitro against CD44v6 [107,108]. To increase the BM homing of CD33.CIK cells,
Biondi et al., engineered them with CXCR4, achieving increased trafficking in BM [109].
Another lymphocytic effector is y8 T cells that contain TCRs comprising v (gamma) and
(delta) chains, which are MHC /HLA-independent and can be used in the allogeneic setting
without causing GVHD. Delta One T cells (DOTs), an enriched ydT cell product, were
modified with CD123.CAR and showed effective AML in vivo control after multiple cell
infusions or a single infusion with daily IL15 support, with the latter condition exhibiting
an anti-AML effect even after the tumor re-challenge [52].

5. Conclusions

In conclusion, although CAR-T cells targeting AML have not yet shown significant
clinical responses, CAR-based immune therapy in AML is still evolving. The development
of CAR-NK cells, which are considered safer and can be used “off-the-shelf”, has shown
promise in preclinical studies, with ongoing efforts taking place for further optimization.
For CAR-engineered immune cells in high-risk AML, it is important to consider the timing
and setting of cell administration, as different engineered cells may be more suitable for
different purposes, such as the facilitation of induction in refractory disease, bridge-to-
HSCT, maintenance of remission, or remission after HSCT-relapse. Further preclinical
research is needed to identify AML-specific antigens, optimize the CAR design with
the incorporation of additional cell-specific co-stimulatory domains, investigate ways to
overcome AML immunosuppression (combinational therapies with checkpoint molecules),
reinforce the metabolic wellbeing of immune cells in the tumor microenvironment, and
improve CAR-T and CAR-NK durability with a focus on memory subsets, among others.
Additional clinical studies are also needed to identify the role of other CAR-immune cells
in AML, improve the safety profiles and manage/mitigate the toxicities of CAR-T cells, and
identify predictive biomarkers and refine patient selection criteria that can aid in patient
stratification, predict treatment response, and guide therapy selection, ultimately leading
to more personalized and effective CAR-treatment strategies in patients with AML.

6. Patents
IC has pending patent applications in the field of cellular immunotherapies.



Cancers 2023, 15, 3054 12 of 17

Author Contributions: Conceptualization, data curation, writing—original draft preparation, I.C.
Supervision, writing—review and editing, E.E.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Challice Bonifant for very useful discussions regarding
the topic of CAR-T and CAR-NK cells in AML.

Conflicts of Interest: IC has pending patent applications in the field of cellular immunotherapies.

References

1.  Lowenberg, B.; Downing, ].R.; Burnett, A. Acute myeloid leukemia. N. Engl. . Med. 1999, 341, 1051-1062. [CrossRef] [PubMed]

2. Cancer Stat Facts: Leukemia—Acute Myeloid Leukemia (AML). Available online: https:/ /seer.cancer.gov /statfacts/html/amyl.
html (accessed on 22 March 2023).

3.  Dohner, H; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, ER.; Buchner, T.; Dombret, H.; Ebert, B.L.; Fenaux, P.; Larson,
R.A.; et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood
2017, 129, 424-447. [CrossRef]

4. Thol, F; Schlenk, R.E; Heuser, M.; Ganser, A. How I treat refractory and early relapsed acute myeloid leukemia. Blood 2015,
126, 319-327. [CrossRef]

5. Brandwein, ].M.; Saini, L.; Geddes, M.N.; Yusuf, D.; Liu, F.; Schwann, K.; Billawala, A.; Westcott, C.; Kurniawan, J.A.; Cheung,
W.Y. Outcomes of patients with relapsed or refractory acute myeloid leukemia: A population-based real-world study. Am. J. Blood
Res. 2020, 10, 124-133. [PubMed]

6. Bejanyan, N.; Weisdorf, D.J.; Logan, B.R.; Wang, H.L.; Devine, S.M.; de Lima, M.; Bunjes, D.W.; Zhang, M.]. Survival of patients
with acute myeloid leukemia relapsing after allogeneic hematopoietic cell transplantation: A center for international blood and
marrow transplant research study. Biol. Blood Marrow Transplant. 2015, 21, 454-459. [CrossRef]

7. Thanarajasingam, G.; Kim, H.T.; Cutler, C.; Ho, V.T,; Koreth, J.; Alyea, E.P; Antin, J.H.; Soiffer, R.J.; Armand, P. Outcome and
prognostic factors for patients who relapse after allogeneic hematopoietic stem cell transplantation. Biol. Blood Marrow Transplant.
2013, 19, 1713-1718. [CrossRef] [PubMed]

8.  Kayser, S.; Levis, M.]. Updates on targeted therapies for acute myeloid leukaemia. Br. ]. Haematol. 2022, 196, 316-328. [CrossRef]

9.  Sadelain, M.; Brentjens, R.; Riviere, I. The basic principles of chimeric antigen receptor design. Cancer Discov. 2013, 3, 388-398.
[CrossRef]

10. Guedan, S.; Calderon, H.; Posey, A.D., Jr.; Maus, M.V. Engineering and Design of Chimeric Antigen Receptors. Mol. Ther. Methods
Clin. Dev. 2019, 12, 145-156. [CrossRef]

11. Rahnama, R.; Christodoulou, I.; Bonifant, C.L. Gene-Based Natural Killer Cell Therapies for the Treatment of Pediatric Hemato-
logic Malignancies. Hematol. Oncol. Clin. N. Am. 2022, 36, 745-768. [CrossRef]

12.  Sadelain, M. CAR therapy: The CD19 paradigm. J. Clin. Investig. 2015, 125, 3392-3400. [CrossRef] [PubMed]

13. Maude, S.L.; Frey, N.; Shaw, P.A.; Aplenc, R.; Barrett, D.M.; Bunin, N.J.; Chew, A.; Gonzalez, V.E.; Zheng, Z.; Lacey, S.F; et al.
Chimeric antigen receptor T cells for sustained remissions in leukemia. N. Engl. ]. Med. 2014, 371, 1507-1517. [CrossRef] [PubMed]

14. Grupp, S.A.; Kalos, M.; Barrett, D.; Aplenc, R.; Porter, D.L.; Rheingold, S.R; Teachey, D.T.; Chew, A.; Hauck, B.; Wright, ].E; et al.
Chimeric antigen receptor-modified T cells for acute lymphoid leukemia. N. Engl. J. Med. 2013, 368, 1509-1518. [CrossRef]
[PubMed]

15. Porter, D.L.; Levine, B.L.; Kalos, M.; Bagg, A.; June, C.H. Chimeric antigen receptor-modified T cells in chronic lymphoid leukemia.
N. Engl. ]. Med. 2011, 365, 725-733. [CrossRef]

16. Garcia-Lloret, M.; McGhee, S.; Chatila, T.A. Inmunoglobulin replacement therapy in children. Immunol. Allergy Clin. N. Am.
2008, 28, 833-849. [CrossRef]

17.  Bonifant, C.L.; Jackson, H.]J.; Brentjens, R.J.; Curran, K.J. Toxicity and management in CAR T-cell therapy. Mol. Ther. Oncolytics
2016, 3, 16011. [CrossRef]

18. Daver, N.; Alotaibi, A.S.; Bucklein, V.; Subklewe, M. T-cell-based immunotherapy of acute myeloid leukemia: Current concepts
and future developments. Leukemia 2021, 35, 1843-1863. [CrossRef]

19. Ritchie, D.S.; Neeson, PJ.; Khot, A.; Peinert, S.; Tai, T.; Tainton, K.; Chen, K.; Shin, M.; Wall, D.M.; Honemann, D.; et al. Persistence
and efficacy of second generation CAR T cell against the LeY antigen in acute myeloid leukemia. Mol. Ther. 2013, 21, 2122-2129.
[CrossRef]

20. Testa, U.; Pelosi, E.; Castelli, G. CD123 as a Therapeutic Target in the Treatment of Hematological Malignancies. Cancers 2019,

11, 1358. [CrossRef]


https://doi.org/10.1056/NEJM199909303411407
https://www.ncbi.nlm.nih.gov/pubmed/10502596
https://seer.cancer.gov/statfacts/html/amyl.html
https://seer.cancer.gov/statfacts/html/amyl.html
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1182/blood-2014-10-551911
https://www.ncbi.nlm.nih.gov/pubmed/32923092
https://doi.org/10.1016/j.bbmt.2014.11.007
https://doi.org/10.1016/j.bbmt.2013.09.011
https://www.ncbi.nlm.nih.gov/pubmed/24076323
https://doi.org/10.1111/bjh.17746
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1016/j.omtm.2018.12.009
https://doi.org/10.1016/j.hoc.2022.03.007
https://doi.org/10.1172/JCI80010
https://www.ncbi.nlm.nih.gov/pubmed/26325036
https://doi.org/10.1056/NEJMoa1407222
https://www.ncbi.nlm.nih.gov/pubmed/25317870
https://doi.org/10.1056/NEJMoa1215134
https://www.ncbi.nlm.nih.gov/pubmed/23527958
https://doi.org/10.1056/NEJMoa1103849
https://doi.org/10.1016/j.iac.2008.07.001
https://doi.org/10.1038/mto.2016.11
https://doi.org/10.1038/s41375-021-01253-x
https://doi.org/10.1038/mt.2013.154
https://doi.org/10.3390/cancers11091358

Cancers 2023, 15, 3054 13 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cummins, K.D.; Frey, N.; Nelson, A.M.; Schmidt, A.; Luger, S.; Isaacs, R.E.; Lacey, S.F; Hexner, E.; Melenhorst, ].J.; June, C.H.; et al.
Treating Relapsed /Refractory (RR) AML with Biodegradable Anti-CD123 CAR Modified T Cells. Blood 2017, 130, 1359. [CrossRef]
Naik, S.; Madden, R.M.; Lipsitt, A.; Lockey, T.; Bran, J.; Rubnitz, J.E.; Klco, J.; Shulkin, B.; Patil, S.L.; Schell, S.; et al. Safety and
Anti-Leukemic Activity of CD123-CAR T Cells in Pediatric Patients with AML: Preliminary Results from a Phase 1 Trial. Blood
2022, 140, 4584-4585. [CrossRef]

Budde, L.; Song, J.Y.; Kim, Y.; Blanchard, S.; Wagner, J.; Stein, A.S.; Weng, L.; Del Real, M.; Hernandez, R.; Marcucci, E.; et al.
Remissions of Acute Myeloid Leukemia and Blastic Plasmacytoid Dendritic Cell Neoplasm Following Treatment with CD123-
Specific CAR T Cells: A First-in-Human Clinical Trial. Blood 2017, 130, 811. [CrossRef]

Sallman, D.A.; DeAngelo, D.J.; Pemmaraju, N.; Dinner, S.; Gill, S.; Olin, R.L.; Wang, E.S.; Konopleva, M.; Stark, E.; Korngold,
A.; et al. Ameli-01: A Phase I Trial of UCART123v1.2, an Anti-CD123 Allogeneic CAR-T Cell Product, in Adult Patients with
Relapsed or Refractory (R/R) CD123+ Acute Myeloid Leukemia (AML). Blood 2022, 140, 2371-2373. [CrossRef]

van Rhenen, A.; van Dongen, G.A; Kelder, A.; Rombouts, E.J.; Feller, N.; Moshaver, B.; Stigter-van Walsum, M.; Zweegman, S.;
Ossenkoppele, G.J.; Jan Schuurhuis, G. The novel AML stem cell associated antigen CLL-1 aids in discrimination between normal
and leukemic stem cells. Blood 2007, 110, 2659-2666. [CrossRef] [PubMed]

Zhang, H.; Wang, P.; Li, Z.; He, Y,; Gan, W,; Jiang, H. Anti-CLL1 Chimeric Antigen Receptor T-Cell Therapy in Children with
Relapsed /Refractory Acute Myeloid Leukemia. Clin. Cancer Res. 2021, 27, 3549-3555. [CrossRef]

Zhang, H.; Bu, C,; Peng, Z.; Li, G.; Zhou, Z.; Ding, W.; Zheng, Y.; He, Y.; Hu, Z.; Pei, K,; et al. Characteristics of anti-CLL1 based
CAR-T therapy for children with relapsed or refractory acute myeloid leukemia: The multi-center efficacy and safety interim
analysis. Leukemia 2022, 36, 2596-2604. [CrossRef]

Bu, C.; Peng, Z.; Luo, M,; Li, G,; Li, C. Phase I Clinical Trial of Autologous CLL1 CAR-T Therapy for Pediatric Patients with
Relapsed and Refractory Acute Myeloid Leukemia. Blood 2020, 136, 13. [CrossRef]

Jin, X.; Zhang, M.; Sun, R; Lyu, H.; Xiao, X.; Zhang, X ; Li, F; Xie, D.; Xiong, X.; Wang, J.; et al. First-in-human phase I study of
CLL-1 CAR-T cells in adults with relapsed/refractory acute myeloid leukemia. J. Hematol. Oncol. 2022, 15, 88. [CrossRef]
Ehninger, A.; Kramer, M.; Rollig, C.; Thiede, C.; Bornhauser, M.; von Bonin, M.; Wermke, M.; Feldmann, A.; Bachmann, M.;
Ehninger, G.; et al. Distribution and levels of cell surface expression of CD33 and CD123 in acute myeloid leukemia. Blood Cancer
J. 2014, 4, €218. [CrossRef]

Tambaro, EP; Singh, H.; Jones, E.; Rytting, M.; Mahadeo, K.M.; Thompson, P.; Daver, N.; DiNardo, C.; Kadia, T.; Garcia-Manero,
G.; et al. Autologous CD33-CAR-T cells for treatment of relapsed/refractory acute myelogenous leukemia. Leukemia 2021,
35, 3282-3286. [CrossRef]

Wang, Q.S.; Wang, Y.; Lv, H.Y,; Han, Q.W.; Fan, H.; Guo, B.; Wang, L.L.; Han, W.D. Treatment of CD33-directed chimeric antigen
receptor-modified T cells in one patient with relapsed and refractory acute myeloid leukemia. Mol. Ther. 2015, 23, 184-191.
[CrossRef] [PubMed]

Bakker, A.B.; van den Oudenrijn, S.; Bakker, A.Q.; Feller, N.; van Meijer, M.; Bia, ].A.; Jongeneelen, M. A ; Visser, T.].; Bijl, N.;
Geuijen, C.A,; et al. C-type lectin-like molecule-1: A novel myeloid cell surface marker associated with acute myeloid leukemia.
Cancer Res. 2004, 64, 8443-8450. [CrossRef] [PubMed]

Liu, E; Cao, Y.; Pinz, K.; Ma, Y.; Wada, M.; Chen, K.; Ma, G.; Shen, J.; Tse, C.O.; Su, Y,; et al. First-in-Human CLL1-CD33
Compound CAR T Cell Therapy Induces Complete Remission in Patients with Refractory Acute Myeloid Leukemia: Update on
Phase 1 Clinical Trial. Blood 2018, 132, 901. [CrossRef]

Del Poeta, G.; Stasi, R.; Venditti, A.; Cox, C.; Aronica, G.; Masi, M.; Bruno, A.; Simone, M.D.; Buccisano, F; Papa, G. CD7
expression in acute myeloid leukemia. Leuk. Lymphoma 1995, 17, 111-119. [CrossRef] [PubMed]

Aandahl, EM.; Sandberg, ] K.; Beckerman, K.P.; Tasken, K.; Moretto, W.J.; Nixon, D.F. CD7 is a differentiation marker that
identifies multiple CD8 T cell effector subsets. J. Immunol. 2003, 170, 2349-2355. [CrossRef]

Hu, Y.; Zhou, Y.; Zhang, M.; Zhao, H.; Wei, G.; Ge, W.; Cui, Q.; Mu, Q.; Chen, G.; Han, L.; et al. Genetically modified CD7-targeting
allogeneic CAR-T cell therapy with enhanced efficacy for relapsed/refractory CD7-positive hematological malignancies: A phase
I clinical study. Cell Res. 2022, 32, 995-1007. [CrossRef]

Baumeister, S.H.; Murad, J.; Werner, L.; Daley, H.; Trebeden-Negre, H.; Gicobi, ] K.; Schmucker, A.; Reder, J.; Sentman, C.L.;
Gilham, D.E,; et al. Phase I Trial of Autologous CAR T Cells Targeting NKG2D Ligands in Patients with AML/MDS and Multiple
Myeloma. Cancer Immunol. Res. 2019, 7, 100-112. [CrossRef]

Al-Homsi, A.S.; Purev, E.; Lewalle, P.; Abdul-Hay, M.; Pollyea, D.A.; Salaroli, A.; Lequertier, T.; Alcantar-Orozco, E.; Borghese, E,;
Lonez, C.; et al. Interim Results from the Phase I Deplethink Trial Evaluating the Infusion of a NKG2D CAR T-Cell Therapy Post
a Non-Myeloablative Conditioning in Relapse or Refractory Acute Myeloid Leukemia and Myelodysplastic Syndrome Patients.
Blood 2019, 134, 3844. [CrossRef]

Deeren, D.; Maertens, ].A.; Lin, T.L.; Beguin, Y.; Alcantar-Orozco, E.; Dheur, M.-S.; Breman, E.; Braun, N.; Lonez, C.; Gilham,
D.; et al. Co-Expression of an shRNA Targeting MICA /Micb Improves the Clinical Activity of a NKG2D-Based CAR T in Patients
with Relapsed / Refractory AML/MDS. Blood 2021, 138, 408. [CrossRef]

Jafarzadeh, L.; Masoumi, E.; Fallah-Mehrjardi, K.; Mirzaei, H.R.; Hadjati, J. Prolonged Persistence of Chimeric Antigen Receptor
(CAR) T Cell in Adoptive Cancer Immunotherapy: Challenges and Ways Forward. Front. Immunol. 2020, 11, 702. [CrossRef]


https://doi.org/10.1182/blood.V130.Suppl_1.1359.1359
https://doi.org/10.1182/blood-2022-170201
https://doi.org/10.1182/blood.V130.Suppl_1.811.811
https://doi.org/10.1182/blood-2022-169928
https://doi.org/10.1182/blood-2007-03-083048
https://www.ncbi.nlm.nih.gov/pubmed/17609428
https://doi.org/10.1158/1078-0432.CCR-20-4543
https://doi.org/10.1038/s41375-022-01703-0
https://doi.org/10.1182/blood-2020-140648
https://doi.org/10.1186/s13045-022-01308-1
https://doi.org/10.1038/bcj.2014.39
https://doi.org/10.1038/s41375-021-01232-2
https://doi.org/10.1038/mt.2014.164
https://www.ncbi.nlm.nih.gov/pubmed/25174587
https://doi.org/10.1158/0008-5472.CAN-04-1659
https://www.ncbi.nlm.nih.gov/pubmed/15548716
https://doi.org/10.1182/blood-2018-99-110579
https://doi.org/10.3109/10428199509051710
https://www.ncbi.nlm.nih.gov/pubmed/7539657
https://doi.org/10.4049/jimmunol.170.5.2349
https://doi.org/10.1038/s41422-022-00721-y
https://doi.org/10.1158/2326-6066.CIR-18-0307
https://doi.org/10.1182/blood-2019-128267
https://doi.org/10.1182/blood-2021-152413
https://doi.org/10.3389/fimmu.2020.00702

Cancers 2023, 15, 3054 14 of 17

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hu, Y.; Huang, J. The Chimeric Antigen Receptor Detection Toolkit. Front. Immunol. 2020, 11, 1770. [CrossRef] [PubMed]
Demaret, J.; Varlet, P.; Trauet, ].; Beauvais, D.; Grossemy, A.; Hégo, F.; Yakoub-Agha, I.; Labalette, M. Monitoring CAR T-cells
using flow cytometry. Cytom. Part B Clin. Cytom. 2021, 100, 218-224. [CrossRef] [PubMed]

Schanda, N.; Sauer, T.; Kunz, A.; Hiickelhoven-Krauss, A.; Neuber, B.; Wang, L.; Hinkelbein, M.; Sedloev, D.; He, B.; Schubert,
M.L,; et al. Sensitivity and Specificity of CD19.CAR-T Cell Detection by Flow Cytometry and PCR. Cells 2021, 10, 3208. [CrossRef]
Turicek, D.P; Giordani, V.M.; Moraly, J.; Taylor, N.; Shah, N.N. CAR T-cell detection scoping review: An essential biomarker in
critical need of standardization. J. ImmunoTherapy Cancer 2023, 11, e006596. [CrossRef] [PubMed]

Mardiana, S.; Gill, S. CAR T Cells for Acute Myeloid Leukemia: State of the Art and Future Directions. Front. Oncol. 2020, 10, 697.
[CrossRef] [PubMed]

Lee, D.W,; Santomasso, B.D.; Locke, EL.; Ghobadi, A.; Turtle, C.J.; Brudno, ].N.; Maus, M.V,; Park, ].H.; Mead, E.; Pavletic, S.; et al.
ASTCT Consensus Grading for Cytokine Release Syndrome and Neurologic Toxicity Associated with Immune Effector Cells. Biol.
Blood Marrow Transplant. 2019, 25, 625-638. [CrossRef]

Hines, M.R.; Keenan, C.; Maron Alfaro, G.; Cheng, C.; Zhou, Y.; Sharma, A.; Hurley, C.; Nichols, K.E.; Gottschalk, S.; Triplett,
B.M.; et al. Hemophagocytic lymphohistiocytosis-like toxicity (carHLH) after CD19-specific CAR T-cell therapy. Br. ]. Haematol.
2021, 194, 701-707. [CrossRef]

Ferrara, J.L.; Cooke, K.R.; Teshima, T. The pathophysiology of acute graft-versus-host disease. Int. ]. Hematol. 2003, 78, 181-187.
[CrossRef]

Levine, B.L.; Miskin, J.; Wonnacott, K.; Keir, C. Global Manufacturing of CAR T Cell Therapy. Mol. Ther. Methods Clin. Dev. 2017,
4,92-101. [CrossRef]

Qasim, W.; Zhan, H.; Samarasinghe, S.; Adams, S.; Amrolia, P.; Stafford, S.; Butler, K.; Rivat, C.; Wright, G.; Somana, K; et al.
Molecular remission of infant B-ALL after infusion of universal TALEN gene-edited CAR T cells. Sci. Transl. Med. 2017,
9, eaaj2013. [CrossRef]

Sanchez Martinez, D.; Tirado, N.; Mensurado, S.; Martinez-Moreno, A.; Romecin, P.; Gutierrez Aguera, E; Correia, D.V,; Silva-
Santos, B.; Menendez, P. Generation and proof-of-concept for allogeneic CD123 CAR-Delta One T (DOT) cells in acute myeloid
leukemia. . Immunother. Cancer 2022, 10, e005400. [CrossRef]

Wu, D.; Wu, P; Qiu, E; Wei, Q.; Huang, ]. Human gammadeltaT-cell subsets and their involvement in tumor immunity. Cell Mol.
Immunol. 2017, 14, 245-253. [CrossRef] [PubMed]

Zhao, J.; Lin, Q.; Song, Y.; Liu, D. Universal CARs, universal T cells, and universal CAR T cells. ]. Hematol. Oncol. 2018, 11, 132.
[CrossRef] [PubMed]

Benmebarek, M.R.; Karches, C.H.; Cadilha, B.L.; Lesch, S.; Endres, S.; Kobold, S. Killing Mechanisms of Chimeric Antigen
Receptor (CAR) T Cells. Int. J. Mol. Sci. 2019, 20, 1283. [CrossRef] [PubMed]

Orlando, E.J.; Han, X.; Tribouley, C.; Wood, P.A.; Leary, R.J.; Riester, M.; Levine, ].E.; Qayed, M.; Grupp, S.A.; Boyer, M.; et al.
Genetic mechanisms of target antigen loss in CAR19 therapy of acute lymphoblastic leukemia. Nat. Med. 2018, 24, 1504-1506.
[CrossRef]

Li, C,; Chen, X,; Yu, X.; Zhu, Y.; Ma, C; Xia, R.; Ma, J.; Gu, C; Ye, L.; Wu, D. Tim-3 is highly expressed in T cells in acute myeloid
leukemia and associated with clinicopathological prognostic stratification. Int. J. Clin. Exp. Pathol. 2014, 7, 6880—-6888.

Davids, M.S.; Kim, H.T.; Bachireddy, P.; Costello, C.; Liguori, R.; Savell, A.; Lukez, A.P,; Avigan, D.; Chen, Y.B.; McSweeney,
P; et al. Ipilimumab for Patients with Relapse after Allogeneic Transplantation. N. Engl. |. Med. 2016, 375, 143-153. [CrossRef]
Berthon, C.; Driss, V.; Liu, J.; Kuranda, K.; Leleu, X.; Jouy, N.; Hetuin, D.; Quesnel, B. In acute myeloid leukemia, B7-H1 (PD-L1)
protection of blasts from cytotoxic T cells is induced by TLR ligands and interferon-gamma and can be reversed using MEK
inhibitors. Cancer Immunol. Immunother. 2010, 59, 1839-1849. [CrossRef]

Baessler, T.; Krusch, M.; Schmiedel, B.J.; Kloss, M.; Baltz, K.M.; Wacker, A.; Schmetzer, H.M.; Salih, H.R. Glucocorticoid-induced
tumor necrosis factor receptor-related protein ligand subverts immunosurveillance of acute myeloid leukemia in humans. Cancer
Res. 2009, 69, 1037-1045. [CrossRef]

Kong, Y.; Zhu, L.; Schell, T.D.; Zhang, J.; Claxton, D.F; Ehmann, W.C.; Rybka, W.B.; George, M.R.; Zeng, H.; Zheng, H. T-Cell
Immunoglobulin and ITIM Domain (TIGIT) Associates with CD8+ T-Cell Exhaustion and Poor Clinical Outcome in AML Patients.
Clin. Cancer Res. 2016, 22, 3057-3066. [CrossRef]

Tang, X; Yang, L.; Li, Z.; Nalin, A.P.; Dai, H.; Xu, T,; Yin, J.; You, E; Zhu, M.; Shen, W,; et al. First-in-man clinical trial of CAR
NK-92 cells: Safety test of CD33-CAR NK-92 cells in patients with relapsed and refractory acute myeloid leukemia. Am. J. Cancer
Res. 2018, 8, 1083-1089.

Urena-Bailen, G.; Dobrowolski, ].M.; Hou, Y.; Dirlam, A.; Roig-Merino, A.; Schleicher, S.; Atar, D.; Seitz, C.; Feucht, J.; Antony,
J.S.; et al. Preclinical Evaluation of CRISPR-Edited CAR-NK-92 Cells for Off-the-Shelf Treatment of AML and B-ALL. Int. ]. Mol.
Sci. 2022, 23, 12828. [CrossRef] [PubMed]

Morgan, M.A ; Kloos, A.; Lenz, D.; Kattre, N.; Nowak, J.; Bentele, M.; Keisker, M.; Dahlke, J.; Zimmermann, K.; Sauer, M; et al.
Improved Activity against Acute Myeloid Leukemia with Chimeric Antigen Receptor (CAR)-NK-92 Cells Designed to Target
CD123. Viruses 2021, 13, 1365. [CrossRef] [PubMed]

Tang, T.T.; Call, L.E; Castro, S.; Nourigat-Mckay, C.; Perkins, L.; Pardo, L.; Leonti, A.R.; Meshinchi, S.; Le, Q. Therapeutic Targeting
of Mesothelin with Chimeric Antigen Receptor Natural Killer Cell Therapy in Acute Myeloid Leukemia. Blood 2021, 138, 1712.
[CrossRef]


https://doi.org/10.3389/fimmu.2020.01770
https://www.ncbi.nlm.nih.gov/pubmed/32849635
https://doi.org/10.1002/cyto.b.21941
https://www.ncbi.nlm.nih.gov/pubmed/32841511
https://doi.org/10.3390/cells10113208
https://doi.org/10.1136/jitc-2022-006596
https://www.ncbi.nlm.nih.gov/pubmed/37217245
https://doi.org/10.3389/fonc.2020.00697
https://www.ncbi.nlm.nih.gov/pubmed/32435621
https://doi.org/10.1016/j.bbmt.2018.12.758
https://doi.org/10.1111/bjh.17662
https://doi.org/10.1007/BF02983793
https://doi.org/10.1016/j.omtm.2016.12.006
https://doi.org/10.1126/scitranslmed.aaj2013
https://doi.org/10.1136/jitc-2022-005400
https://doi.org/10.1038/cmi.2016.55
https://www.ncbi.nlm.nih.gov/pubmed/27890919
https://doi.org/10.1186/s13045-018-0677-2
https://www.ncbi.nlm.nih.gov/pubmed/30482221
https://doi.org/10.3390/ijms20061283
https://www.ncbi.nlm.nih.gov/pubmed/30875739
https://doi.org/10.1038/s41591-018-0146-z
https://doi.org/10.1056/NEJMoa1601202
https://doi.org/10.1007/s00262-010-0909-y
https://doi.org/10.1158/0008-5472.CAN-08-2650
https://doi.org/10.1158/1078-0432.CCR-15-2626
https://doi.org/10.3390/ijms232112828
https://www.ncbi.nlm.nih.gov/pubmed/36361619
https://doi.org/10.3390/v13071365
https://www.ncbi.nlm.nih.gov/pubmed/34372571
https://doi.org/10.1182/blood-2021-153156

Cancers 2023, 15, 3054 15 0f 17

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Albinger, N.; Pfeifer, R.; Nitsche, M.; Mertlitz, S.; Campe, J.; Stein, K.; Kreyenberg, H.; Schubert, R.; Quadflieg, M.; Schneider,
D.; et al. Primary CD33-targeting CAR-NK cells for the treatment of acute myeloid leukemia. Blood Cancer J. 2022, 12, 61.
[CrossRef]

Albinger, N.; Bexte, T.; Buchinger, L.; Wendel, P.; Al-Ajami, A.; Gessner, A.; Sarchen, V.; Alzubij, J.; Mertlitz, S.; Penack, O.; et al.
CRISPR/Cas9 Gene Editing of Immune Checkpoint Receptor NKG2A Improves the Efficacy of Primary CD33-CAR-NK Cells
Against AML. Blood 2022, 140, 4558-4559. [CrossRef]

Naeimi Kararoudi, M.; Likhite, S.; Elmas, E.; Schwartz, M.; Sorathia, K.; Yamamoto, K.; Chakravarti, N.; Moriarity, B.S.; Meyer, K.;
Lee, D.A. CD33 Targeting Primary CAR-NK Cells Generated By CRISPR Mediated Gene Insertion Show Enhanced Anti-AML
Activity. Blood 2020, 136, 3. [CrossRef]

Garrison, B.; Deng, H.; Yucel, G.; Frankel, N.W.; Gordley, R.; Hung, M.; Lee, D.; Gainer, M.; Roguev, A.; Gorman, W.; et al.
Senti-202, a Selective, Off-the-Shelf, Preclinical CAR-NK Cell Therapy with CD33 and/or FLT3 Activating CAR, Healthy Cell
Protection from Endomucin (EMCN) Inhibitory CAR and Calibrated Release IL-15 for Hematologic Malignancies Including AML.
Blood 2022, 140, 4531-4532. [CrossRef]

Kloss, S.; Oberschmidt, O.; Morgan, M.; Dahlke, ].; Arseniev, L.; Huppert, V.; Granzin, M.; Gardlowski, T.; Matthies, N.; Soltenborn,
S.; et al. Optimization of Human NK Cell Manufacturing: Fully Automated Separation, Improved Ex Vivo Expansion Using IL-21
with Autologous Feeder Cells, and Generation of Anti-CD123-CAR-Expressing Effector Cells. Hum. Gene Ther. 2017, 28, 897-913.
[CrossRef]

Christodoulou, I.; Ho, W.J.; Marple, A.; Ravich, ].W.; Tam, A.; Rahnama, R.; Fearnow, A.; Rietberg, C.; Yanik, S.; Solomou,
E.E,; et al. Engineering CAR-NK cells to secrete IL-15 sustains their anti-AML functionality but is associated with systemic
toxicities. J. Immunother. Cancer 2021, 9, e003894. [CrossRef]

Caruso, S.; De Angelis, B.; Del Bufalo, F.; Ciccone, R.; Donsante, S.; Volpe, G.; Manni, S.; Guercio, M.; Pezzella, M.; Iaffaldano,
L.; 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, 163. [CrossRef] [PubMed]

Wang, X.; Chang, W.-C; Jasinski, D.L.; Medina, J.L.; Zhang, M.; Foster, A.; Spencer, D.M.; Bayle, ].H. Regulated Natural Killer
Cell Expansion and Anti-Tumor Activity with Inducible MyD88/CD40. Blood 2018, 132, 4550. [CrossRef]

Sentman, C.L.; Meehan, K.R. NKG2D CARs as cell therapy for cancer. Cancer |. 2014, 20, 156-159. [CrossRef] [PubMed]

Du, Z.; Ng, Y.Y,; Zha, S.; Wang, S. piggyBac system to co-express NKG2D CAR and IL-15 to augment the in vivo persistence and
anti-AML activity of human peripheral blood NK cells. Mol. Ther. Methods Clin. Dev. 2021, 23, 582-596. [CrossRef]

Leivas, A.; Cordoba, L.; Valeri, A.; Rio, P.; Primo, D.; Ballesteros, J.; Fernandez, L.; Perez-Martinez, A.; Lee, D.A.; Powell, D.].,
Jr.; et al. NKG2D CAR-Expressing Lymphocytes Target Acute Myeloid Leukemia Cells. Blood 2019, 134, 2667. [CrossRef]
Riether, C.; Schurch, C.M.; Buhrer, E.D.; Hinterbrandner, M.; Huguenin, A.L.; Hoepner, S.; Zlobec, I.; Pabst, T.; Radpour, R.;
Ochsenbein, A.F. CD70/CD27 signaling promotes blast stemness and is a viable therapeutic target in acute myeloid leukemia.
J. Exp. Med. 2017, 214, 359-380. [CrossRef]

Choi, E.; Chang, ].-W.; Krueger, J.; Lahr, W.S.; Pomeroy, E.; Walsh, M.; Khamhoung, A.; Johnson, J.; Franco, C.; Swiech, L.; et al.
Engineering CD70-Directed CAR-NK Cells for the Treatment of Hematological and Solid Malignancies. Blood 2021, 138, 1691.
[CrossRef]

Naik, J.; Themeli, M.; de Jong-Korlaar, R.; Ruiter, R W.J.; Poddighe, PJ.; Yuan, H.; de Bruijn, ].D.; Ossenkoppele, G.J.; Zweegman,
S.; Smit, L.; et al. CD38 as a therapeutic target for adult acute myeloid leukemia and T-cell acute lymphoblastic leukemia.
Huaematologica 2019, 104, e100-e103. [CrossRef]

Gurney, M; Stikvoort, A.; Nolan, E.; Kirkham-McCarthy, L.; Khoruzhenko, S.; Shivakumar, R.; Zweegman, S.; Van de Donk, N.;
Mutis, T.; Szegezdi, E.; et al. CD38 knockout natural killer cells expressing an affinity optimized CD38 chimeric antigen receptor
successfully target acute myeloid leukemia with reduced effector cell fratricide. Haematologica 2022, 107, 437-445. [CrossRef]
Gurney, M.; O'Reilly, E.; Corcoran, S.; Brophy, S.; Krawczyk, J.; Otto, N.M.; Hermanson, D.L.; Childs, R.W.; Szegezdi, E.; O'Dwyer,
M.E. Concurrent transposon engineering and CRISPR/Cas9 genome editing of primary CLL-1 chimeric antigen receptor-natural
killer cells. Cytotherapy 2022, 24, 1087-1094. [CrossRef]

Ni, J.; Miller, M.; Stojanovic, A.; Garbi, N.; Cerwenka, A. Sustained effector function of IL-12/15/18-preactivated NK cells against
established tumors. J. Exp. Med. 2012, 209, 2351-2365. [CrossRef]

Dong, H.; Ham, ].D.; Hu, G.; Xie, G.; Vergara, J.; Liang, Y.; Ali, A; Tarannum, M.; Donner, H.; Baginska, J.; et al. Memory-like NK
cells armed with a neoepitope-specific CAR exhibit potent activity against NPM1 mutated acute myeloid leukemia. Proc. Natl.
Acad. Sci. USA 2022, 119, €2122379119. [CrossRef] [PubMed]

Chandrasekaran, D.; Le, Q.; Prieve, M.; Stoltzman, C.A.; Cook, J.; Blake, ] M.; Massey, E.B.; Meshinchi, S.; Delaney, C. Generation
of CAR-NK Cells Using a Notch-Mediated Cell Expansion and Differentiation Platform. Blood 2020, 136, 42. [CrossRef]

Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P.; Basar, R.; Nassif Kerbauy, L.; Overman, B.; Thall, P.; Kaplan,
M.; et al. Use of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors. N. Engl. . Med. 2020, 382, 545-553.
[CrossRef] [PubMed]

Kerbauy, L.N.; Ang, S.; Liu, E.; Banerjee, P.P.; Wu, Y,; Shaim, H.; Lim, EL.W.I; Basar, R.; Li, L.; Muftuoglu, M.; et al. Cord Blood
NK Cells Engineered to Express a Humanized CD123-Targeted Chimeric Antigen Receptor (CAR) and IL-15 As Off-the-Shelf
Therapy for Acute Myeloid Leukemia. Blood 2017, 130, 4453. [CrossRef]


https://doi.org/10.1038/s41408-022-00660-2
https://doi.org/10.1182/blood-2022-169758
https://doi.org/10.1182/blood-2020-142494
https://doi.org/10.1182/blood-2022-157453
https://doi.org/10.1089/hum.2017.157
https://doi.org/10.1136/jitc-2021-003894
https://doi.org/10.1186/s13045-022-01376-3
https://www.ncbi.nlm.nih.gov/pubmed/36335396
https://doi.org/10.1182/blood-2018-99-120151
https://doi.org/10.1097/PPO.0000000000000029
https://www.ncbi.nlm.nih.gov/pubmed/24667963
https://doi.org/10.1016/j.omtm.2021.10.014
https://doi.org/10.1182/blood-2019-123371
https://doi.org/10.1084/jem.20152008
https://doi.org/10.1182/blood-2021-148649
https://doi.org/10.3324/haematol.2018.192757
https://doi.org/10.3324/haematol.2020.271908
https://doi.org/10.1016/j.jcyt.2022.07.008
https://doi.org/10.1084/jem.20120944
https://doi.org/10.1073/pnas.2122379119
https://www.ncbi.nlm.nih.gov/pubmed/35696582
https://doi.org/10.1182/blood-2020-142813
https://doi.org/10.1056/NEJMoa1910607
https://www.ncbi.nlm.nih.gov/pubmed/32023374
https://doi.org/10.1182/blood.V130.Suppl_1.4453.4453

Cancers 2023, 15, 3054 16 of 17

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Davis, Z.; Cichocki, F; Felices, M.; Wang, H.; Hinderlie, P.; Juckett, M.; Maakaron, J.; Berk, G.I.; Hancock, B.; Goulding, J.; et al.
A Novel Dual-Antigen Targeting Approach Enables Off-the-Shelf CAR NK Cells to Effectively Recognize and Eliminate the
Heterogenous Population Associated with AML. Blood 2022, 140, 10288-10289. [CrossRef]

Wang, Y.; Wang, L.; Shao, M.; He, X; Yue, Y.; Zhou, Y.; Yang, L.; Huang, H.; Hu, Y. Off-the-Shelf, Multiplexed-Engineered
iPSC-Derived CD33 CAR-NK Cells for Treatment of Acute Myeloid Leukemia. Blood 2022, 140, 12685. [CrossRef]

Huang, R.; Wen, Q.; Wang, X.; Yan, H.; Ma, Y.; Mai-Hong, W.; Han, X.; Gao, L.; Gao, L.; Zhang, C.; et al. Off-the-Shelf CD33
CAR-NK Cell Therapy for Relapse/Refractory AML: First-in-Human, Phase I Trial. Blood 2022, 140, 7450-7451. [CrossRef]
Bachier, C.; Borthakur, G.; Hosing, C.; Blum, W.; Rotta, M.; Ojeras, P; Barnett, B.; Rajangam, K.; Majhail, N.S.; Nikiforow, S. A
Phase 1 Study of NKX101, an Allogeneic CAR Natural Killer (NK) Cell Therapy, in Subjects with Relapsed /Refractory (R/R)
Acute Myeloid Leukemia (AML) or Higher-Risk Myelodysplastic Syndrome (MDS). Blood 2020, 136, 42—43. [CrossRef]

Siegler, E.L.; Zhu, Y.; Wang, P.; Yang, L. Off-the-Shelf CAR-NK Cells for Cancer Immunotherapy. Cell Stem Cell 2018, 23, 160-161.
[CrossRef]

Maucher, M.; Srour, M.; Danhof, S.; Einsele, H.; Hudecek, M.; Yakoub-Agha, I. Current Limitations and Perspectives of Chimeric
Antigen Receptor-T-Cells in Acute Myeloid Leukemia. Cancers 2021, 13, 6157. [CrossRef] [PubMed]

Imai, C.; Iwamoto, S.; Campana, D. Genetic modification of primary natural killer cells overcomes inhibitory signals and induces
specific killing of leukemic cells. Blood 2005, 106, 376-383. [CrossRef] [PubMed]

Nowbakht, P; Ionescu, M.C.; Rohner, A.; Kalberer, C.P.; Rossy, E.; Mori, L.; Cosman, D.; De Libero, G.; Wodnar-Filipowicz, A.
Ligands for natural killer cell-activating receptors are expressed upon the maturation of normal myelomonocytic cells but at low
levels in acute myeloid leukemias. Blood 2005, 105, 3615-3622. [CrossRef]

Salih, H.R.; Antropius, H.; Gieseke, F; Lutz, S.Z.; Kanz, L.; Rammensee, H.G.; Steinle, A. Functional expression and release of
ligands for the activating immunoreceptor NKG2D in leukemia. Blood 2003, 102, 1389-1396. [CrossRef] [PubMed]

Hilpert, J.; Grosse-Hovest, L.; Grunebach, F.; Buechele, C.; Nuebling, T.; Raum, T.; Steinle, A.; Salih, H.R. Comprehensive analysis
of NKG2D ligand expression and release in leukemia: Implications for NKG2D-mediated NK cell responses. J. Immunol. 2012,
189, 1360-1371. [CrossRef] [PubMed]

Folgiero, V.; Cifaldi, L.; Li Pira, G.; Goffredo, B.M.; Vinti, L.; Locatelli, F. TIM-3/Gal-9 interaction induces IFNgamma-dependent
IDO1 expression in acute myeloid leukemia blast cells. J. Hematol. Oncol. 2015, 8, 36. [CrossRef]

Coles, S.J.; Wang, E.C.; Man, S.; Hills, R K.; Burnett, A K.; Tonks, A.; Darley, R.L. CD200 expression suppresses natural killer cell
function and directly inhibits patient anti-tumor response in acute myeloid leukemia. Leukemia 2011, 25, 792-799. [CrossRef]
[PubMed]

Sandoval-Borrego, D.; Moreno-Lafont, M.C.; Vazquez-Sanchez, E.A.; Gutierrez-Hoya, A.; Lopez-Santiago, R.; Montiel-Cervantes,
L.A.; Ramirez-Saldana, M.; Vela-Ojeda, J. Overexpression of CD158 and NKG2A Inhibitory Receptors and Underexpression of
NKG2D and NKp46 Activating Receptors on NK Cells in Acute Myeloid Leukemia. Arch. Med. Res. 2016, 47, 55-64. [CrossRef]
Kaweme, N.M.; Zhou, F. Optimizing NK Cell-Based Immunotherapy in Myeloid Leukemia: Abrogating an Immunosuppressive
Microenvironment. Front. Immunol. 2021, 12, 683381. [CrossRef]

Zhu, H.; Blum, R.H.; Bernareggi, D.; Ask, E.H.; Wu, Z.; Hoel, H.].; Meng, Z.; Wu, C.; Guan, K.L.; Malmberg, K.J.; et al. Metabolic
Reprograming via Deletion of CISH in Human iPSC-Derived NK Cells Promotes In Vivo Persistence and Enhances Anti-tumor
Activity. Cell Stem Cell 2020, 27, 224-237.e6. [CrossRef]

Rotiroti, M.C.; Buracchi, C.; Arcangeli, S.; Galimberti, S.; Valsecchi, M.G.; Perriello, V.M.; Rasko, T.; Alberti, G.; Magnani, C.E;
Cappuzzello, C.; et al. Targeting CD33 in Chemoresistant AML Patient-Derived Xenografts by CAR-CIK Cells Modified with an
Improved SB Transposon System. Mol. Ther. 2020, 28, 1974-1986. [CrossRef]

Magnani, C.E; Turazzi, N.; Benedicenti, F,; Calabria, A.; Tenderini, E.; Tettamanti, S.; Giordano Attianese, G.M.; Cooper, L.]J.; Aiuti,
A.; Montini, E.; et al. Inmunotherapy of acute leukemia by chimeric antigen receptor-modified lymphocytes using an improved
Sleeping Beauty transposon platform. Oncotarget 2016, 7, 51581-51597. [CrossRef]

Perriello, V.M.; Rotiroti, M.C.; Pisani, I.; Galimberti, S.; Alberti, G.; Pianigiani, G.; Ciaurro, V.; Marra, A.; Sabino, M.; Tini, V.; et al.
IL3-zetakine combined with a CD33 costimulatory receptor as a Dual CAR approach for safer and selective targeting of AML.
Blood Adv. 2022. [CrossRef]

Pizzitola, I.; Anjos-Afonso, F.; Rouault-Pierre, K.; Lassailly, F.; Tettamanti, S.; Spinelli, O.; Biondi, A.; Biagi, E.; Bonnet, D. Chimeric
antigen receptors against CD33/CD123 antigens efficiently target primary acute myeloid leukemia cells in vivo. Leukemia 2014,
28, 1596-1605. [CrossRef]

Tettamanti, S.; Marin, V.; Pizzitola, I.; Magnani, C.F,; Giordano Attianese, G.M.; Cribioli, E.; Maltese, F.; Galimberti, S.; Lopez, A.E;
Biondi, A.; et al. Targeting of acute myeloid leukaemia by cytokine-induced killer cells redirected with a novel CD123-specific
chimeric antigen receptor. Br. . Haematol. 2013, 161, 389-401. [CrossRef] [PubMed]

Legras, S.; Gunthert, U.; Stauder, R.; Curt, E; Oliferenko, S.; Kluin-Nelemans, H.C.; Marie, J.P.; Proctor, S.; Jasmin, C.; Smadja-Joffe,
F. A Strong Expression of CD44-6v Correlates with Shorter Survival of Patients with Acute Myeloid Leukemia. Blood 1998,
91, 3401-3413. [CrossRef]


https://doi.org/10.1182/blood-2022-168981
https://doi.org/10.1182/blood-2022-166420
https://doi.org/10.1182/blood-2022-170712
https://doi.org/10.1182/blood-2020-134625
https://doi.org/10.1016/j.stem.2018.07.007
https://doi.org/10.3390/cancers13246157
https://www.ncbi.nlm.nih.gov/pubmed/34944782
https://doi.org/10.1182/blood-2004-12-4797
https://www.ncbi.nlm.nih.gov/pubmed/15755898
https://doi.org/10.1182/blood-2004-07-2585
https://doi.org/10.1182/blood-2003-01-0019
https://www.ncbi.nlm.nih.gov/pubmed/12714493
https://doi.org/10.4049/jimmunol.1200796
https://www.ncbi.nlm.nih.gov/pubmed/22730533
https://doi.org/10.1186/s13045-015-0134-4
https://doi.org/10.1038/leu.2011.1
https://www.ncbi.nlm.nih.gov/pubmed/21274000
https://doi.org/10.1016/j.arcmed.2016.02.001
https://doi.org/10.3389/fimmu.2021.683381
https://doi.org/10.1016/j.stem.2020.05.008
https://doi.org/10.1016/j.ymthe.2020.05.021
https://doi.org/10.18632/oncotarget.9955
https://doi.org/10.1182/blood-2022-166555
https://doi.org/10.1038/leu.2014.62
https://doi.org/10.1111/bjh.12282
https://www.ncbi.nlm.nih.gov/pubmed/23432359
https://doi.org/10.1182/blood.V91.9.3401

Cancers 2023, 15, 3054 17 of 17

108. Circosta, P; Donini, C.; Gallo, S.; Giraudo, L.; Gammaitoni, L.; Rotolo, R.; Galvagno, E,; Capellero, S.; Basirico, M.; Casucci, M.; et al.
Full chimaeric CAR.CIK from patients engrafted after allogeneic haematopoietic cell transplant: Feasibility, anti-leukaemic
potential and alloreactivity across major human leukocyte antigen barriers. Br. ]. Haematol. 2023, 200, 64-69. [CrossRef] [PubMed]

109. Biondi, M.; Cerina, B.; Tomasoni, C.; Dotti, G.; Tettamanti, S.; Biondi, A.; Pievani, A.; Serafini, M. Combining the Expression of
CD33.CAR and CXCR4 to Increase CAR-CIK Cell Homing to Bone Marrow Niche and Leukemic Stem Cell Eradication in Acute
Myeloid Leukemia. Blood 2021, 138, 2791. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/bjh.18469
https://www.ncbi.nlm.nih.gov/pubmed/36155897
https://doi.org/10.1182/blood-2021-152394

	Introduction 
	CAR-T Cells in AML 
	Clinical Testing of CAR-T Cells in AML 
	Limitations of CAR-T Cell Therapy in AML 
	Toxicities and Manufacturing Hurdles 
	Antigen Downregulation and Immune Suppression from AML 


	Current State of CAR-NK Therapy in AML 
	Preclinical and Clinical Studies of CAR-NKs in AML 
	Advantages, Challenges, and Future Direction of CAR-NK Cell Therapy in AML 

	Other CAR-Engineered Immune Effectors in AML 
	Conclusions 
	Patents 
	References

